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FOREWORD

This Volume 2 is a portion of the final report documentation under National

Aeronautics and Space Administration Contract NAS 7-377. The main Technical

Report is presented in two parts. The placement of this volume in the seven

volumes of this report series is indicated below:

Volume 1 -- Summar-j Report

Volume 2 -- Main Technical Report, Part 1

Volume 3 -- Main Technical Report, Part 2

Volume 4 -- Class 0 Engine F_ct _h_-tsj Part !

Volume 5 -- Class 0 F_gine F:_.ctSi:_t:: Pa-_ 2

Volume 6 -- Class i Engine Information

Volume 7 -- Class 2 Engine Information
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B The utilization of a composite propulsion system which can effect

several thermodynamic operating cycles in an appointed sequence in

the flight profile may be an approach for meeting Requirement 1.

At the same time, the Requirement 2 suggests multiple use of light-

weight common components and subsystems, (e.g., lightweight external

pressure vessel of engine used for both rocket air augmentation at

low flight speed and ramjet (both subsonic and supersonic burning)

operation at higher flight speed). This approach, along with a

studied avoidance of relatively heavy subsystem elements (e.g.,

complex, multistage mechanical air compression machinery of the

turbojet variety), may offer an approach for achieving an accept-

ably high thrust/weight ratio engine.

The above argument is graphically shown in Figure 3, which superposes a

hypothetical composite engine operating characteristic over the several elemental

operating lines of Figure 2. An interpretation of the operation of such a com-

posite system follows:

I. The launch vehicle lifts off (horizontally or vertically) on an

advanced air augmented rocket mode and makes a transition, with

flight speed (ramjet takeover capability), to first a subsonic

burning ramjet and thence to a supersonic combustion ramjet mode.

. Staging can be performed at one-third to one-half orbital velocity.

Alternatively, at atmosphere exiting a transition to rocket (vacuum)

mode can be effected. The latter would be associated with s'_ngle

stage to orbit operation, for instance.

o Upon vehicle entry following staging, or retro-from-orbi% the

cruise back (supersonic) to the base leg of the mission profile

could be accomplished efficiently on ramjet power. It is noted

that the vehicle is significantly lower in weight at this point,

than when launched. Finally, subsonic operations (loiter, cruise

to alternative destination, emergency wave-off, and landing) are

handled within a very low propellant consumption, relatively low

thrust fan mode.

The above interpretation illustrates the performance potential inherent

in composite propulsion systems as they might be applied to an advanced launch

vehicle. A general purpose of the study was to inquire into this potential to

some depth (See Section 2.0, Study Objectives).

i._ Further Potential Advantages of Composite Engines

Further potential advantages offered by the more attractive composite

system concepts, in the area of advanced reusable launch vehicle development,

in addition to high payload performance by virture of an advantageous coupling

of specific impulse and engine weight characteristics, are the following:
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SKETCH A. Engine Specific Impulse and Weight Map

1.3 Performance Potential of Composite Engines

Figures 2 and 3 reflect, in somewhat further detail, the attractive per _

formance potential (specific impulse, thrust) of composite systems for advanced

reusable launch vehicles.

For both the rocket and airbreathing propulsion modes, certain specific

impulse/thrust characteristics are associated with instantaneous vehicle flight

speeds in Figure 2. A typical band of feasible flight trajectories has been

assumed for this representation. Some, or all of the propulsion modes indicated

in Figure 2 are, by definition, "available" to a hypothetical composite pro-

pulsion system. (See Section 3.0, Study Scope for the specific technical scope

and limitation applied to the engines examined in the study.)

In consideration, the requirement of an advanced reusable launch vehicle

for effective and efficient propulsion across the atmospheric flight regime

shown, an argument can be tempered as follows:

i. The powerplant to be employed should be capable of achieving a

flexible thrust output (to match vehicle acceleration and flyback

requirements) at as high a specific impulse level as is aerothermo-

dynamically feasible for a given fllgnt speed and environment.

The achievement of high specific impulse must not, however, impose

an undue weight penalty on the engine (the payload trade-off between

specific impulse and engine thrust/weight ratio has already been

qualitatively illustrated).
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1.0 INTRODUCTION

i.i What Are Composite Propulsion Systems?

The study reported here was concerned with a class of advanced propulsion

concepts, known as composite propulsion systems, and their potential application

to advanced launch vehicles. Composite engines, as the term is used in this

study, may be defined as main propulsion devices which are integral combinations

of rocket and airbreathing propulsion elements. An example of a composite engine

would be the air-augmented rocket/ramjet. A broad spectrum of such composite

propulsion systems was investigated, compared, and documented. Comparisons were

based upon propulsion performance parameters, technology requirements, and appli-

cation potentials for advanced launch vehicles of the reusable orbital transport

type.

Composite propulsion systems are to be distinguished from the elemental

propulsion systems such as the rocket or the turbomachine-based airbreathing

engine. Composite systems also represent a marked departure from combination

propulsion systems wherein separate non-interacting rocket and airbreathing units

are operated cyclically or in unison in a vehicle installation. A familiar appli-

cation illustrating this combination approach is the Bomarc Missile in which

separate (both physically and functionally) rocket and ramjet propulsion units

provide acceleration and supersonic cruise capability, respectively. Figure 1
illustrates these three fundamental classes of propulsion systems (i.e., elemental,

combination, and composite).

1.2 Incentive for Considerin5 Composite SFstems

The basic incentive to investigate composite propulsion systems, as applied

to advanced launch vehicles, may be qualitatively illustrated as shown in Sketch

A. This plot is, in essence, an engine specific impulse and weight map, with the

rocket represented as a low specific impulse, very high thrust/weight engine, and

the airbreather vice versa. The curves in the plot may be interpreted as

"equipayload" lines, expressed here in terms of boost stage "growth factor"

(launch weight divided by the payload plus upper stage weight). In these terms,

proceeding from a high to a low growth factor indicates an increasing payload

potential for the launch vehicle. Composite systems, as engines incorporating

both airbreathing and rocket componentry and operating mode capability, are

expected to be, as a class, intermediate in terms of both performance and weight

as shown in Sketch A. Thus, there is a general implication that composite pro-

pulsion systems can offer competitive, even superior, payload performance rel-

ative to the elemental systems.

- l-
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(I) significant degrees of operational flexibility particularly across the re-
usable vehicle mission profile, (2) anticipated ease of development with respect

to major development facility requirements for advanced pure airbreathing engines

(segmentation potential), and (3) flexibility of sizing and packaging to match

specific vehicle requirements (e.g., a two-dimensional engine layout is feasible).

However, the study addressed these points only generally. Development

approach and cost considerations were distinctly outside the scope of the program.

(Again, see Section 3.0 for the specific scope of the effort.)

1.9 Purpose of the Study

The principal purpose of the present investigation is to determine if there

exist technically feasible composite propulsion systems which may be attractive

for sQme advanced reusable launch vehicle system. Subservient to this objective

is the requirement for the generation, within a common set of specifications, of

composite engine performance and design data which must be employed in a vehicle

mission analysis to ascertain the relative payload performance potential of

several candidate composite systems.

The documentation of this engine performance and design information is a

signal contribution of the study program, since there was little generally useful

composite engine information at the time when the study was initiated.

To achieve a broad-reaching, yet systematic end result, inclusion, in a

morphological sense, of all or nearly all composite propulsion systems which can

be presently identified was deemed of first order importance.

Finally, following the determination of one or more potentially attractive

candidate systems, a second major objective is the assessment of the present

state of the art and the identification of those technical areas into which

deeper penetration is required in order to establish a high confidence level of

performance estimation. Separation of these technical areas into discrete
task-oriented descriptions will be a potentially valuable product of the

study from the standpoint of future program efforts.
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Z. 0 OBJECTIVES

The specific objectives of this study of composite propulsion systems

for advanced launch vehicle applications were as follows:

I. To systematically appraise the significance of composite engines
to advanced launch vehicles

e To assess the critical technology requirements which .would provide

the engineering foundation for possible composite engine develop-

ment

3. To systematically document technical data which would be useful

for further studies involving engines

The first two objectives formed the nucleus of the original problem

statement of the program. They stem directly from the attractive potentials

of composite engines due to their relative position in the spectrum of pro-

pulsion.

The third objective, on the other hand, represents an intrinsic output

of the study program, namely, propulsion system information, arranged for

effective use by the aerospace industry in subsequent" studies of composite

engine applications.

A brief discussion of some of the implications of the three objectives

follows.

2.1 Objective Number 1

In Objective Number l, the program attempted to determine if a favor-

able payload potential exists for the composite engines for advanced launch

vehicle applications. If this indeed appears to be the case, such a finding

must be substantiated in a realistic vehicle mission model with demonstrable

propulsion system characteristics, both well supported analytically. Implied,

in this overall assessment of the composite family of systems, is the need

to examine all applicable concepts. As will be apparent in the discussion
which follows (Section 4.0), the program was fundamentally arranged to address

this prime requirement. Another important stipulation evolving from uhis

objective is that the assessment of this entire engine type be conducted in

an overall system context, as opposed to a propulsion study per se. Furthermore,

the mission application to which the resulting propulsion/vehicle systems are

to be addressed should be established on as realistic a set of ground rules as

can be foreseen from this point in time.
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2.2 Objective Number 2

Tacitly assuming for purposes of argument that a favorable composite

engine potential is forthcoming, the second objective then is to evaluate

within a broad, national perspective, the associated technology requirements.

The ultimate purpose of this might be to initiate a research and engineering

base from which possible development activities involving composite engines

can be effectively carried forward. In particular, critical technology areas
are to be sought. Viewing the problem from the standpoint of the contract's

supporting office, the Office of Advanced Research and Technology, this

technology requirements analysis will be really only meaningful (in the sense

of NASA's utilization of explicit program recommendations) in the total

propulsion technology sphere. That is, a reasonable familiarity with parallel

technical work related to composite engines must be definitely evidenced in

the findings of the program. For example, beyond the NASA sponsored work

must be included related Air Force programs in composite engine associated

areas (e.g., supersonic combustion ramjet technology). Accordingly, emphasis

must be given to achieving a broad technological assessment in a wide number

of categories, rather than a penetrating analysis of only a few subject areas.

2.3 Objective Number 3

The generation of broad, systematic data relating to composite propulsion

systems, documented in a form useful for subsequent study activities, is a

salient requirement implicitly imposed on this program. It is intended that

these published data be assimilated, processed, and evaluated -- for diver-

sified applications -- by other researchers. These further studies may

broaden and continue efforts to further satisfy Objectives 1 and 2 above

and their ramifications. Therefore emphasis should be placed on a user-

oriented documentation of the technical results of the program.
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3.0 SCOPE

This study of composite propulsion systems for advanced launch vehicle

applications, as the title indicates, was concerned with the characteristics

and interrelated performance of two classes of systems, namely, (!) Com-

posite propulsion systems and (2) Advanced launch vehicle systems. Both

of these classes of systems, in their broadest interpretation, include many

possible variations. All possible variations were not included in the study

reported here.

Therefore, it is appropriate at this point, to define the scope of the

study as defined by the study guidelines, and to further describe or explain

the terms "cc_wposite propulsion systems" and "advanced launch vehicle" as

they were used in conduc-in_ the stud_. These de.z ......... "sill permit a

clearer understanding and e'.mluaticn of the approach Zc U?.e study and the

results presented in subsequent sections of this report.

3. i Guidelines

3.1. ! Overall Guidelines

The overall guidelines of the study are listed here, followed by
brief discussion:

Engine/vehicle performance and techno!o_f assessment

Two-stage and single stage to 262 n. mile orbit

(}Kf0 and VTO)

Hydrogen-oxygen prope !!ants

Full mission profile, lift-off to landing with 3 g restraint

1.0 million pound vehicle gross weight

Reusable vehicles, passenger/light cargo payload

1975 to 1985 engine first-availability

Evaluation on payload performance basis
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The study was basically propulsion oriented, but it was to include a

vehicle (or user's) assessment of the engine potentials. Both two-stage and

single stage vehicle concepts were included in the study as a basis for the

orbital payload assessment. Also, both horizontal and vertical takeoff con-

cepts were studied. Only the high energy hydrogen-oxygen propellant combi-
nation was to be considered.

The entire propulsion mission profile was addressed in this study. This

profile comprised acceleration propulsion to orbit, deorbit and maneuver pro-

pulslon, and, finally, flyback and landing propulsion to complete the reusable

launch vehicle cycle.

The limitation to vehicles having a 1.0 million pound takeoff weight was

appropriate to those associated with personnel transport (hence the 3 g re-

straint) and with light cargo ferry operations for orbital service.

The engine first-availability (in terms of operational application) was

assumed to fall in the decade beginning in 1975. Finally, payload to orbit

was the single prime criterion for Judging the relative merits of the propul-

sion concepts which were examined. This study (by express intent) was not a

cost/effectiveness assessment.

'All candidate propulsion systems were compared for effectivlty on the

basis of an engine-vehicle performance computation, with a consistent I

set of assumptions, to determine relative payload performance to the nominal

orbital delivery point. In all cases, a propulsion system was assumed to

provide the capability needed for all flight operations of the initial launch

stage from lift-off to landing. For two-stage systems, the second stage was

a rocket powered lifting body, manned recoverable vehicle.

Some of the decisions made in selecting between closely competing sys-

tems were required to be tempered by the technology implications. Moreover,

two technology categories generally were retained throughout the study for
consideration and evaluation purposes. These two categories may be desig-

nated "near term" and "far term" propulsive systems. They correspond, in

concept at least, to the 1975 and 1985 engine availability times,

respectively.

The scope of the propulsion system comparisons included two non-

composite reference systems: (1) an all-rocket and (2) an advanced

(turbomachine-based) airbreathing system.

- - L_ -
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The rocket was fully defined in the study in two separate guises: a

"state of the art" engine (contemporary combustion pressure level, conven-

tional bell nozzle, etc.), and a "very advanced" engine which featured an

advanced operating cycle, high combustion pressure, altitude compensating

nozzle, and a very high thrust-to-weight ratio. Both engines were included

in mission analyses which evaluated single stage and two-stage to orbit

vehicles.

The airbreathing engine which was examined was an advanced turboramjet.

It was examined only with regard to its installed characteristics for deter-

mination of its payload performance implications. The turbo_chine ar_lysis

was introduced only during the final study phase.

3.1.2 Engine Guidelines

The engine size ranges which were investigated were those com-

mensurate with the stated 1.0 million pound vehicle gross weight guideline.

Considering that the engines would likely be used in a multiengine comple-

ment of from four to six units, a nominal thrust of 250,000 lbf per engine

was adopted. However, for the more attractive concepts, the engine physical

characteristics were estimated for thrust ranges over an order of magnitude

range of 50,000 to 500,000 ibf.

Propellants included were, per the guidelines, oxygen-hydrogen. Air

liquefaction based systems, of course, utilized liquid air as an oxidizer

for initial acceleration, but without storing it in the vehicle. In other

words, the processing of liquid air was accompanied by its immediate com-

bustion with hydrogen fuel in the systems studied. In two specific appli-

cation areas 3 however, air collection (without enrichment) was briefly sur-

veyed. These two applications were (i) the "Refill Rocket" concept (Appendix

A*) and (2) a payload improvement technique for the ScramLACE system

(Appendix F*).

3.2 Composite Propulsion Systems

Composite propulsion systems (as the term is used in this study) are

single integrated po_erplants made up of both rocket and airbreathing ele-

ments as described in the introduction (Section l.O). The elemental pro-

pulsion systems which provide the basic building blocks for synthesizing

composite engines are the familiar rocket and (pure) airbreathing systems,

which may be symbolically illustrated (using sections of Figure i) as

follows:

* The appendixes are presented in Volume 3.
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ELEMENTAL(PURE) PROPULSIONSYSTEMS

=<
ROCKET AIRBREATHER

SKETCH B. Elemental (Pure) Propulsion Systems

If it is desired to incorporate the features of both elements (rocket

and airbreather) in a single vehicle, two approaches are obvious. The ele-

ments may be installed either separately or integrally. The former may be

termed a combination propulsion system. Thus, to illustrate the contrast,

combination propulsion systems incorporate two or more elemental engine

types in a non-integrated installation, i.e., with little or no direct

physical or process interaction between engine types within the vehicle's

propulsion complement. Such an arrangement is shown symbolically in the

following sketch:

COMBINATIONPROPULSIONSYSTEM

MODEA MODEB

SKETCH C. Combination Propulsion System

If however, the elements are physically integrated into a single pro-

pulsion system, having multi-modal operating capabilities, with cycle process

interactions between elements, the result is a composite propulsion system.

Using similar symbology as before, such an arrangement is shown in the fol-

lowing sketch:
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COMPOSITE PROPULSION SYSTEM

MODE A MODE B

SKETCH D. Composite Propulsion System

Under the generic heading, "Composite Engine", a broad range of individ-

ual concepts is technically feasible. Some of these have been studied for

one application or another. Typical of the composite powerplant family is

the air-augmented rocket. As will be seen, this particular cycle (actually,

a family of cycles) plays a prominent role in the composite engine concept

as studied here for launch vehicle applications.

Candidate composite propulsion systems can be either single or mu!timode

operating devices. For example, the cited air-augmented rocket, if operated

strictly in this mode, would be a single mode system. If, however, the engine
were switched to a thermodynamically different operating cycle (such as sub-

sonic combustion ramjet operation), then the engine would be termed a multi-

mode device. It should be noted that in the multimode operation, either, or

both, "straight" rocket and airbreathing operation is possible within the
confines of the definition of composite powerplants as used here. For ex-

ample, both rocket and ramjet (pure) mode operation are intrinsically allow-

able in a composite engine.

At the outset of the study, certain arbitrary restraints were placed on

the selection of elements which made up the candidate composite systems by

the sponsoring agency. Those hardware elements which were excluded from the

candidate systems were the following three:

1. Complex multistage air compression machinery

2. Nuclear reactor "%--

3. Solid propellant rocket

- 15 -
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The hardware elements which were utilized in synthesizing the candidate

composite engine systems explored during the study are illustrated in

Figure h. Eight subsystem groups were employed 3 two of these being vehicle

integrated units (the fuel and oxidizer supply systems). As noted in Fig-

ure 23 the fuel supply, inlet, and primary eombustor, as discrete items, are

common to all of the composite engines which were studied.

A significant number of diverse concepts exist which meet the general

qualifications discussed so far. Examples are (1) air augmented rocket,

(2) Hyperjet (a ramjet with static thrust capability via a closed inlet and

oxidizer injection), and (3) liquid air cycle engine (IACE, an airbreathing

rocket which capitalizes on the air liquefaction capacity of liquid hydrogen

fuel).

Although these listed concepts, as well as a number of other specific

eozoosite engine types, have been studied to at least a limited extent in

the past, nowhere has there been conducted a systematic, integrated engine/

vehicle assessment directed toward the identification of the most effective

cycles for advanced launch vehicle applications.

The present study was designed to accomplish this needed appraisal of

composite propulsion system potential in the light of current missions of

interest and emerging technological capabilities.

3.3 Advanced launch Vehicle Systems

The composite propulsion systems explored in this study were configured

and evaluated_ in part, upon the basis of their performance as applied to

advance launch vehicles. The study guidelines (Section 3.1, above) give a

general indication of the class of vehicle systems which were considered.
Most of the engine evaluations were conducted with reference to a baseline

orbital launch system which is described in the paragraphs below. It is

noted, however, that other vehicle system approaches were investigated and
these included alternative configu-_ations of the baseline system being

described, e.g._ two-stage wing-body first stages. Single stage concepts

were also included in accordance with the guidelines.

The baseline composite engine orbital launch system is a two-stage,

horizontal takeoff and landing, nested configuration utilizing liquid hydro-

gen and oxygen propellants. The first stage provides an aerodynamic pres-
sure field for the inlets of the integrated composite propulsion system
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installed in the vehicle. Figure 5 shows a typical version of the baseline

vehicle*. The all-rocket second stage vehicle is fully recoverable and

reusable and it was derived from previous study efforts (Reference I, Con-

tract NAS 8-11463). It was no% in itselfj perturbed from a design stand-

point, but was scaled in accordance with the first stage capabilities.

The composite systems generally operate on ejector (primary rocket)

modes from Mach 0 to as high as Mach 2, where ramOet transition occurs. For

systems employing the subsonic combustion ramjet mode, the nominal maximum

airbreathing Maeh number was 8. For systems employing the ScramJet modes

(as for Figure 1), the transition from subsonic to supersonic combustion

occurred at Mach 6_ with this high speed mode continuing nominally to

Mach i0 to 12.

Prior to staging, the vehicle executed a kinetic-to-potential energy

exchange pull-up from a high dynamic pressure level (lO00 lb/ft 2, typical)

in an airbreathing mode to provide for staging at a dynamic pressure of

200 psf.

The first stage post-separation sequence consisted of a power-off vari-

able pitch and bank descent to Mach 5 at 95,000 feet, where engine starting

(ramjet mode) was initiated. The vehicle was then turned toward its base

of origin, via a 3 g power-on turn. A Mach 5 cruise-back to base at

L/Dmax, followed by a power-off equilibrium glide and a 5 minute power-on

loiter and landing, completed the return to base sequence.

The second stage was assumed to ascend to a 50 nautical mile injection

...............altitude_ with transfer to a 100 nautical mile parking orbit, and subse-
quently to a262 nautical mile service orbit. Following on-station or mis-

sion operations, the vehicle retrofires, reenters, and ultimately effects a

horizontal power-off landing. A 1523 ft/sec post-orbital injection A V cap-

ability was included for transfer_ retrofire, and launch window allowances

and for velocity reserves.

* Two single stage to orbit vehicle concepts are described in Appendix E.

- 18 -
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4.0 APPROACH

4.1 Approach Philosophy

The philosophy used in performing the composite propulsion systems

study was derived from two major objectives of the program. The points used

in structuring the program were as follows:

I. The study emphasized a broad and systematic coverage of feasible

composite systems.

m The program attempted to uncover technology of the critical type

which could be occurring at the component and subsystem level

of these engines.

It is evident then, that both a broadly based selection of systems and

penetration into the subsystem and component level are required for the

study. There is _len a conflict evident between a program which must at once

be broad and penetrating. This is evident because to evaluate a large number

of items, such as _he Class 0 listing, would not be possible, at least not

broadly possible, because of the many concepts at hand. Therefore, an ap-

proach was developed for selecting a lesser number of concepts in two steps

as the program proceeded. This provided then, toward the end of the program,

a lesser number of concepts to be evaluated and for each of these some pre-

vious work would now exist permitting the program resources to be devoted

toward deeper penetration into those concepts. Work at the component level

was in fact Caking place at the end of the program. This discussion then,

describes the evaluation criteria used in making the selections. It also

reflects the program structure and how the program was performed by the

contractor team. Finally, this section describes a program documentation

which is reflected in the current report.

Specifically, this section of the report is intended to provide a brief

review of the organizational and technical approach employed in conducting

the study. Subsequent parts of this section include the following:

i. The organization and relationships of the study phases

2. The working relationships of the contractor team

3. The evaluation criteria used throughout the study to selectively

screen the most promising composite engine concepts

4. The structure of the documentation of the project

4.2 Evaluation Criteria

Certain criteria were used throughout the study for the ranking and

selection of the candidate composite engine concepts. Broadly, the system
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evaluation wasmadeon the basis of orbital payload performance -- with
technical risk, operational flexibility, and system hardware weight as
secondary criteria. Eachof these criteria is briefly discussed below:

4.2.1 Payload Performance (Primary Criterion)

Payload delivered to the reference 262 n. mile circular orbit

by a 1.0 million-ibm gross weight vehicle was the basic numerical ranking
factor used for the propulsion systems which were studied. Payload (gross),

as defined here, was assumed to comprise (1) the crew, passengers (nomin-

ally i0), and various amounts of cargo, and (2) those ancillary systems

and structures necessary to accommodate, sustain, and encapsulate the crew,

passengers, and cargo.

4.2.2 Technical Risk (Secondary Criterion)

The progressive selection of the more attractive composite sys-

tems for more detailed examination in successive phases of the study was

influenced by qualitative considerations of the relative difficulty and

risk involved in the eventual development of the composite engine. This

"system achievability" aspect was considered to be a function of both the

technical maturity of the concept and the number of discrete technology

areas _nvolved (e.g., air liquefaction, Scramjet). In addition, the degree

of alignment with on-going exploratory development programs (such as the

advanced rocket development program) and the expected development costs were

also considered as important factors.

4.2.3 Operational Flexibi!ity (Secondary Criterion)

Operational flexibility was considered from two aspects, namely,

le Mission profile adaptability of the concept, i.e., its

degree of performance retention with a variability in

orbital mission ground rules (e.g., alternate landing

base dictate for a returning first stage)

, Alternate application potential of the concept for other

than orbital launch missions, a prominent case being

hypersonic cruise usage

4.2.4 Systems Hardware Wei6ht (Secondary Criterion)

A consideration of cost/effectiveness for composite propulsion

systems was made only to the extent of overall system hardware weight monitor-

ing. The criterion used for this was total vehicle plus engine system inert

weight, per pound payload delivered_ Wsys_d_/Wpl.

- 22 -
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4.3 Pro6ram Structure

The overall approach employed in the composite engine study under

Contract NAS 7-377 is probably best understood through examination of

Figure 6. This figure illustrates the following important points:

I. The work was performed in three associated phases, conducted

in series, following an initial preparatory effort.

e These progressive phases, labeled Class O, Class I, and Class 2,
processed a decreasing number of engine concepts (generally the

more attractive ones) with a successively deeper technical

penetration.

o Documentation developed during each phase of the program provided

engine information oriented for effective utilization in subse-

quent studies.

This program approach was formulated as the best practical means for

accomplishing the stated study objectives (Section 2.0). More specifically:

lo Proceeding from many concepts toward a few that were 'best" gave

reasonable assurance that (a) no important concepts were left un-

covered, and (b) that the composite engine type was reflected to

best advantage for assessment of its overall significance to

advanced launch vehicles (Objective No. 1).

o Because significant technical penetration would be practical with

only a few systems (i.e., during the Class 2 phase), there was

greater assurance that the component and subsystem areas were

equitably re_resented in the critical technology appraisal (Ob-

jective No. 2).

So Separate documentation by phases (Classes O, I, and 2) provides

the user with a range of easily accessible references structured

like the program, which are applicable to diversified subsequent

study purposes (Objective No. 3).

4.3.1 Study Team

The contractor team consisted of Marquardt, Rocketdyne, and

Lockheed. This team operated in different arrangements during the conduct

of the study, each arrangement being designed to best accomplish the phase

of the study then underway. In general, Rocketdyne supported the required

rocket analyses while Lockheed supported the vehicle system analyses. The

principal arrangements of the contractor team are illustrated below:
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FIGURE 6. Program Structure and Documentation

- i .UNCLASSIFIEb,
- 24 -



Report 25,194

Volume 2

(a) CLASS 0 PHASE I (b) CLASS 1 AND 2 PHASES

I

(IOENTIFYING, ORDERING, MARQUARDT (MISSION, RANKING) I
ANALYS IS, DOCUHENTI NG)

MARQUARDT

TECHNt CA CONSULTATION ROCJ(FTI)YNE

I (_OCKET
(COMPARISON ROCXET, I

coIqFI)SITIE CONCEPTS) LI (VF.H|CLJ[ CHARACTERISTICS)II I

I

ENGINES HI SSION/VEHI CL[ I Ca4PQN[NTS/ ENGINES

I SUISYSTEIqS

SKETCH E. Project Team Roles and Interaction

4.3.2 Phasing Description (Program Flow 1

Four consecutive tasks were established to-achieve the stated

objectives of the program. The first two were associated with the Class 0

Phase, the third with Class l, and the fourth with Class 2. A summary of

each task is given below. ...........

Task I

H LOCKHEED

(VEil I Q.F./

MISSIONS)

V_IC_S

This task had as its objective the initial identification and

ordering of all applicable and feasible composite propulsion

systems. Also, this task accomplished the preparation of

necessary baseline cases and analytical tools necessar/ for

the ranking and selection phase of Task II.

Task II

This task had as its objective the quantification of performance

and thrust-to-weight ratio estimates for all Class 0 systems.

From this, by use of the techniques developed in Task I, a

selection of those clearly favorable composite propulsion

systems was made_ using the "very advanced" rocket comparison

index defined in Task I.

Task III

The overall objective of this task was to select the optimal com-

posite system(s). This was referred to as Class 2. In order

to accomplish this, the Class 1 systems were analyzed in much

further depth than was possible for the Class 0 candidate systems.

This analysis consisted of (1) a parametric design optimization

of each Class 1 system in which principal system-peculiar

parameters were exercised toward an optimal configuration, and

(2) a mission-based performance evaluation of each system over

a range of selected vehicle and trajectory conditions.
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Task IV

The objective of this task was to define and document the

technological direction for achieving a base for possible com-

posite propulsion system research and development. This was

accomplished by preliminary studies in some depth of the

selected (Class 2) system(s). Accompanying this was a final

and fully detailed performance evaluation (parametric maps) of

the selected system(s) over meaningful trajectory bounds.

This analysis included component and subsystem sensitivity

effects. Finally, a critical appraisal and documentation of

indicated technological steps to achieve the objective of

the study was accomplished.

The flow schedule for the basic program is illustrated by the follow-

ing sketch:

4 MAY 1966

CLASS 0

(ALL CANDI_TI[ $YSTERS)

4 OCT 1965 17 DEC 1965

..... POTENTIAL

• CRITICAL. TECHNOLOGYREQUIREMENTS

• DOCUMENTATION BASE

/,
PREL IfS I lily DESIGN

• RIrG)t_NI_J4TION OF CONC[PI"S

COKEPI_I_L DESIGN • SU|SYSTEJq SllJDI|S

ePA/UU,iETRIC OPTIRIZAT|ON • PAPJU41ETI_iC MEIGHT AND SIZING

O_EIGHT AI_ ENVELOPE PF.JtFOiU_NC[ AI_LYSI$

PERFOIU_NC[ AI_LYSIS • D(TAILIE0 MAPPING

eOESIGN Polwr • S[NSITIV|TY S'nJDILrS

OHISSION SPECTRUM D[VE_HT APPP,_CN

FIRST SECOND

S ELECTION SELECTION

SKETCH F.

iOEMTI FY SYSTEI_S

• _PHOLOGICAL AllgP-_CH

m COLLECT PIqEVIQUSLY

IDENTIF |[D SYSTI[NS

• I IWEMT NEW SYS1TJ_

C_M,RACTER I Z[ DESIGN

elS

• F/W I ILSTALLED

Basic Program Flow Schedule
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The Class 0 phase evaluated and compared on a consistent basis some

36 composite engine concepts which were identified from previous studies

or were generated basically as new concepts at the start of this program.

These systems were evaluated in some depth, but because of the sheer number

of concepts being processed, many approximations had to be made relative to

performance, weight, and physical makeup.

At the First Quarterly Oral Review meeting held in October 1965, twelve of

the thirty-six engine concepts were selected for further study in the Class 1

phase of the program. In this phase, significantly increased technical

penetration was made in propulsion systems design and analyses and, more

significantly perhaps, in the vehicle area. This phase of the program de-

pended less on the approximate techniques used in Class O, being character-

ized by parametric variations of the significant engine and vehicle parameters.

At the Second Quarterly Oral Review meeting held in December 1965,

two engine concepts were selected for the final or Class 2 phase of the

study. The analysis of these propulsion systems and their using vehicles

was carried out in significant detail in which, for example, component and

subsystem sensitivity and weight variations were reflected in both the engine

and vehicle performance and weight. This phase of the study also critically

evaluated and documented the technology requirements implied in the study
results.

At the Final Oral Review meeting held in May 1966, the overall program

was summarized. Consistent with the inputs received from the NASA Techni-

cal Managers of the program. The Marquardt/Rocketdyr_e/Lockheed study team

members made a number of changes and additions to the previously submitted

draft report, and the present documentation was prepared and distributed.

This terminated the study program under Contract NAS 7-377.*

4.4 Pro6ram Documentation (Reference Figure 6)

The program final report appears in seven separate volumes divided as
discussed below. The "core" of the technical documentation is the so-called

Main Technical Report, comprising Volumes 2 and 3. The main report included

the basic documentation with the exception of the highly engine-oriented

information provided in a later volume to be described. In addition to

Objectives, Scope, and Approach, this Main Technical Report contains de-

tailed descriptions of the major phases of the study as follows:

1. Preliminary Phase

2. Class 0 Systems Phase

3. Class I Systems Phase

* An extension phase is currently underway. See Section 10.4 (Volume 3).

- 27 -
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4. Class 2 Systems Phase

5- Technology Assessment Phase

6. Technical Appendixes

The general study results, some summary remarks, and qualifications of

these results are also included prior to the general study conclusions in-

cluded in the Main Technical Report.

Volume I essentially summarizes the Main Technical Report and it is

published for the purpose of providing accessible documentation to those

readers who have not enough time to review the total program documentation.

Hence, the Summary Report is presented in a minimum number of pages in order

to provide this capability.

The engine-oriented documentation, which comprises roughly 50 percent

of the final report, appears in four volumes, Volumes h to 7. These reports

include definitions of the Class O, Class l, and Class 2 engines in terms

of decreasing number of engines and increasing technical depth in the pro-

gram structure (See 2.3 Program Structure). The purpose of presenting the

engine-oriented information separately and in a formalized fashion is to

make available to all future studiers of composite propulsion systems highly

accessible engine information for direct assimilation into subsequent studies.

This is the third "third objective" intrinsic in the composite engine study,

namely, to provide documentation that is systematic and accessible thus per-

mitting evaluation of composite propulsion systems in those areas wherein

little systematic information existed prior to the study and, therefore, which
could not be treated as the conventional all-rocket and turbomachine airbreather

systems might have been treated.
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5.0 PRELIM/NAKY PHASE

9.1 General Considerations

The preliminary phase of the program, which was basically preparatory

for the main study phases, consisted of the following efforts:

l. The definition of two all-rocket propulsion systems to be used

for comparison throughout the study as ameasure of the relative

effectiveness of composite powerplants. These rockets were de-

signated as the state of the art system and the very advanced sys-

tem. This subtask was conducted by Rocketdyne.

2. The preparation of methodologies and analytical tools for providing

a payload to orbit comparison index for each of the candidate com-

posite propulsion systems as well as for the all-rocket comparison

cases. This subtask was perfcrmed by Mar_r_t.

. The systematic identification and ranking of all candidate compo-

site propulsion system concepts by several different approaches.

This subtask was conducted Jointly by Marquardt and Rocketdyne.

This section of the report briefly describes the three subtasks listed

above, how they were performed, and what was accomplished.

5.1.1 0b_ectlve

The objectives of the preliminary phase of the study program were

preparatory in nature. The subtasks involved comprised the preparation of

design tools and approaches to be used as a general methodology for the eva-

luation phases of the program to follow. Also, the identification of candi-

date composite propulsion systems by several different approaches was a major

phase of the program.

5.1.2

The scope of the preliminary phase is diversified in correspondence
with the subtasks further defined below. Therefore, the scope will be identi-

fied for each of these subtasks in the documentation which follows.

9.1.3 Approach

The approach to completing these subtasks entailed analytical

effort and some design consideration, a major literature search, and a critical

review of systems analysis methodologies to evolve a simplified technique for

performance comparison of the several, somewhat disparate, propulsion systems.



Report 29,194

Volume 2

5.2 Definition of All-Rocket Baseline

This task was performed by Rocketdyne and it involved the assessment of

the basic characteristics of two rocket propulsion systems, namely, the present

state of the art system and the very advanced concept. Each of the two com-

parison systems was defined in terms of the methodology to be discussed with

emphasis on performmnce characteristics and engine weight. Consideration of

design details as well as of the overall packaging requirements of the sys-

tems was held to a minimum. The all-rocket systems were installed in typical

rocket-type launch vehicles, both single stage and two-stage to orbit, and

the performance of these systems was determined for a range of trajectories.

The results of these mission analyses provided a payload-to-orbit yard-

stick for the all-rocket systems of the expendable or minimal recovery type.

This subtask basically provided, however, the uninstalled characteristics

of the rocket comparison system which was to be later used in the reusable

launch vehicles which the study program emphasized.

5.2.1 Engine Performance

5.2.1.1 Methodology

5.2.1.1.1 State of the Art Rocket Engine

Parameters for the state of the art engine were chosen, as

nearly as possible, to be the same as those used in existing engines or en-

gine concepts such as the F-l, J-2, and M-1 rocket engines. The highest

chamber pressure of an existing rocket engine is approximately lO00 psia

(F-1 and M-l). Therefore a chamber pressure of lO00 psia was selected as

being representative of the state of the art rocket engine.

The following parameters were investigated over the ranges shown:

Engine (overall) mixture ratio

Expansion area ratio
Thrust

= 4.9 to 6.5

= 15 to 30 106= 1.25 to 1.50 x lbf

A conventional gas generator cycle (Figure 7-A) employing parallel tur-

bines was used to power the pumps. The turbomachinery design parameters were
selected on the basis of those used with current propulsion systems. These

parameters are summarized below:

Oxidizer pump discharge pressure

Fuel pump discharge pressure

Gas generator temperature

Pump efficiency

Turbine efficiency

Turbine pressure ratio

= 1300 psia

= 1800 psia

= 1660"R

=
=
-- 18
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The thrust of the engine chamber (bell nozzle) was determined from

Equation (1).

FTC = PcAtCFI]CF - PaAE
(i)

The specific impulse of the bell nozzle thrust chamber was calculated from

Equation (2).

C* CF _C* I]cF ¢ C* _C*

(!s)Tc -- g - (pc/Pa)g (2)

Where

CF

C*

FTC

g

(Is)TC

P
a

P
C

_Cf

_c*

= Nozzle exit area, in. 2

= Throat area, in. 2

= Theoretical vacuum thrust coefficient

= Theoretical combustion chamber characteristics velocity, fps

= Thrust chamber t_ust, lbf

= Gravitational constant, = 32.174 lbmf-ft/lbf-sec 2

= Specific impulse of thrust chamber, lbf-sec/lbm

= Ambient pressure, psia

= Chamber pressure, psia

= Lumped nozzle efficiency

= Combustion efficiency

= Expansion area ratio, AE/A t

The combustion efficiency (_C*) results from incomplete combustion of the

propellants in the combustion chamber. The term _C F is a lumped efficiency
term composed of

_c;_AB "%_oM "%mAO

The downstream burning efficiency (T_IB) accounts for nozzle afterburning of

unreacted combustion chamber propellants. This efficiency term is equal to
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or greater than i00 percent since any burning in the noz_!e releases addi-

tional energy which increases nozzle performance. The produc_ of the down-

stream burning efficiency and the combustion efficiency (_C*_ _)'_wi_,

however, be equal to or less than lOO percent. The geometric nozzle e_ _

ciency (Tk3EOM) represents isentropic flow divergence losses. Drag losses

resulting from viscous effects of the boundary layer on the nozzle wall are

represented by _ERAG-

Current experimental combustion and nozzle efficiencies for the J-2

engine were used for determination of the performance of the state Of the

ar_ engine..A value of 96.5 percent was used for _C* and 100 percent was
used for _C F These values are referenced to the theoretical shifting

equilibrium values of LO2/H 2 (PARA) propellants.

The total engine performance is composed of the performance of the tur-

bine exhaust system as well as the performance of the thrust chamber. Total

engine Is was determined from Equation (3).

+ (Is) + (1)
(Is)E - + -

(3)

W_le_

TE refers to the turbine exhaust

TC refers to the thrust chamber

= WTE/WTc

The turbine exhaust impulse was determined by considering that the turbine

exhaust specific impulse was that of a sonic nozzle.

5.2.1.1.2 Very Advanced Rocket Engine

Considerable investigation of very advanced high performance,

altitude compensating engines recently has been documented by Rocketdyne

(Reference 2). The results of this study have shown performance, length, and

weight advantages of the aerodynamic spike engine using a tap-off cycle

(Figure 7-B) over other advanced nozzle and engine cycle concepts such as
the expansion-deflection nozzle and staged combustion (topping) engine cycles.

Reference 3 shows performance gains for advanced engine systems as chamber

* See nomenclature for further definition of symbols.
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pressure is increased from i000 to 3000 psia. However, mass transfer cooling

(fiLm, transpiration) will be required at chamber pressures above approximately

2000 psia and thus gains from higher chamber pressures will be at least partly

negated by film cooling losses.

Therefore, a 2000 psia chamber pressure aerodynamic spike engine was cho-

sen as representative of an advanced booster engine. This engine utilizes a

fuel-rich tap-off cycle with high efficiency turbopumps and high temperature

and high pressure ratio turbines. System parameters, which were not para-

metrically investigated specifically for the composite engine study, but pri-

marily derived from the study of Reference 2, are summarized below:

Chamber pressure = 2000 psia

Turbine drive = Fuel-rich tap-off gases

Oxidizer pump discharge pressure = 2970 psia

Fuel pump discharge pressure = 3900 psia

Gas generator temperature = 2360°R

Pump efficiencies = 80%
Turbine efficiencies = 69_

Turbine pressure ratio = 90

The pump discharge pressure drops include a regenerative coolant pressure drop

equal to 1000 psia. Reference 2 indicates that the efficiencies and turbine

temperatures are achievable but willrequire advancement in the state of %he

art, particularly for high temperature turbine materials.

The thrust of the aerodynamic spike engine can be separated into the

primary and secondary or base thrust as shown in Equation (&).

.....................

F = Fp + Fb
E

FE = PcAtCF _CF + PbAb - PaAE

Where

F = Thrust of the primary nozzle
P

Fb = Thrust of the base region

The term _CF is composed of downstream burning, drag losses, and geometric

efficiency losses as discussed previously. An afterburning efficiency based

on current J-2 experimental values was used for the advanced aerodynamic spike

nozzle. Drag efflciencies were based on boundary layer analyses and are a

function of thrust level, chamber pressure, expansion area ratio, nozzle length,

and propellant combination. The geometric nozzle efficiency is based on an
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axisymmetric potential flow analysis and is a function of the propellant

specific heat ratio, area ratio, and nozzle length.

A value of 96.5_ of theoretical shifting equilibrlumwas used for the

combustion efficiency (_C*).

The base pressure PbWas calculated using an empirical correlation pro-
cedure based on experimental cold flow and hot firing tests of aerodynamic

spike nozzles (Reference 4).

5.2.1.2 Results

5.2.1.2.1 State of the Art Rocket Engine

The effect of expansion area ratio on sea level and vacuum

engine specific impulse is shown in Figure 8-A. Vacuum specific impulse in-

creases with increasing expansion area ratio due to an increase in the theo-

retical thrust coefficient (CF). Sea level specific impulse decreases with

increasing expansion area ratio due to overexpansion of the gases at sea

level conditions.

The effect of engine (vehicle) mixture ratio on sea level and vacuum

_pecific impulse is shown in Figure 8-B. Maximum specific impulse occurs

at t_e lower end (4.5) of the mixture ratio range investigated. Table I sum-

marizes the above results.

5.2.1.2.2 Ver_Advanced Rocket Ensine

Sea level and vacuum specific impulse are shown in Figure 9-A

as a function of area ratio. Vacuum specific impulse increases with increas-

ing area ratio because the theoretical thrust coefficient (CF) increases.

Sea level specific impulse decreases with increasing area ratio due to the

variation of altitude compensation with the design area ratio. This decrease,

however, is not nearly as great as it is for bell nozzles (See Figure 8-A).

The effect of mixture ratio on sea level and vacuum performance is shown

in Figure 9-B. The theoretical maximum specific impulse occurs at increasing

mixture ratio as area ratio is increased. Maximum specific impulse occurs at

a mixture ratio of 5.5, compared to 4.5 for the bell nozzle. This occurs

because an area ratio of 80 was used for the advanced engine whereas that of

the bell nozzle engine was 25.

The effect of nozzle length on performance was determined. Vacuum spe-

cific impulse increases with increasing length because the geometric nozzle

efficiency is increasing. Sea level specific impulse decreases with In-

creasing length because the base pressure decreases and the expansion area

ratio of the primary gas stream is becoming larger than the optimum expansion
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area ratio. This overexpansion effect is more complex than the overexpansion

which occurs in a conventional bell nozzle because of the nozzle recompression

effects which occur on the primary spike nozzle. Table II summarizes the above
results.

9.2.2 Engine Weight

9.2.2.1 Methodolo6v

A parametric engine weight study was undertaken in order to deter-

mine the weight trends of the state of the art and very advanced engine sys-

tems. Two recently developed computer programs, one for bell type nozzles and

the other for spike type nozzles, were used in the computation of engine weights.

These programs were based on correlation of actual and conceptual engine and

subsystem design layouts _.d have been shown to derive accurate engine weight

trends for systems of the type being considered. However, recent advances in

turbomachinery design techniques (Reference2) have resulted in the oro_ection

of considerably lighter advanced turbomachinery weights than were predicted by

the program. Therefore, the Reference 2 turbomachinery weights were used for

the very advanced engine configurations only.

9.2.2.2 Results

The effect of expansion area ratio on engine weight is shown in

Figures 8-A and 9-A for the state of the art and veNj advanced engine configura-

tions, respectively. Total engine weight increases with expansion area ratio

due primarily to increasing nozzle size. However, part of the increase is also

due to the lower sea level performance at the higher area ratios which results

in larger throat_ areas and higher propellant flow rates. Both of these effects

tend to increase engine weight.

l_ne effect of thrust level on engine weight is shown in Figures 10-A and

lO-B. Engine weight is roughly proportional to engine thrust for both the

state of the art and very advanced engines in the thrust range which was ex-

amined.

The effect of mixture ratio on engine weight has already been shown in

Figures 8-B and 9-B. Engine weight tends to decrease with increasing mixture

ratio. This is primarily due to the decrease in turbopump weight as the mix-

ture ratio increases.

The overall weights of the state of the art and very advanced boost stage

rocket propulsion systems have previously been indicated. Detailed component

weight evaluations were made to derive these weights, including the weight

effects of (1) the thrust vector control system and (2) the heat exchanger for

propellant tank pressurization. Inclusion of these two component weights was

found to increase the booster engine weights approximately 8.9 percent for the

state of the art engine and 12 percent for the very advanced engine.
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Engine constituent component weights are summarized in Table II for the

state of the art and very advanced technology propulsion systems. Comparison

between the technology level columns indicates where the major component weight

savings occur. As indicated, reductions in turbopump weight (both fuel and

oxidizer) and miscellaneous component weight constitute the major weight savings.

Comparison was also made at a higher engine thrust level to determine which

components of advanced technology based engine systems can or cannot be scaled

linearly with thrust level. A propulsion system concept of 24 million pound

thrust level (Reference 2) was used as a basis for this comparison. As noted

in Table II, all components -- with the exception of (1) injector and combus-

tion chamber and (2) bands for combustion chamber and exit nozzle -- can be

scaled to obtain engine weight estimates at other thrust levels. It should be

emphatically stated that engine weights for advanced annular combustor chamber

engines should not be directly scaled to different thrust levels.

5.2.3 Mission Analysis

5.2.3.1 Methodolo_

5.2.3.1.1 Sin$le Sta6e to Orbit

The mission analysis approach for the reference rockets included

the design selection of the system parameters for maximizing the payload, as
well as the trajectory variation which minimized propellant expenditure for

any given system. An orbital altitude of 262 n. miles, with a 30 ° orbital

inclination, was used as the mission ground rule.

The mission profile was established using the following trajectory man-

euvers: (1) the vehicle ascended vertically to a velocity of 300 ft/sec,

(2) the thrust vector was deflected causing the vehicle to instantaneously

rotate to a specified angle (kick angle F), (3) the vehicle followed a gravity

turn (zero lift) until it reached either a total energy sufficient to carry it

to orbital altitude or a dynamic pressure of 30 pounds per square foot. In

this latter case, the aerodynamic forces were considered to be negligible, and

the thrusting continued with a variable pitch angle until sufficient energy

was gained to cut off the engines and coast up to orbital altitude. Finally,

(4) a circular orbit was achieved with variable pitch thrusting. This se-

quence was repeated until a maximum payload weight could be established for

some combination of initial kick angle and pitch angle.

The vehicle gross weight was composed of the following components:

ii Tankage weight -- This was proportional to propellant usage with

the factor of proportionality dependent upon the oxidlzer/fuel

mixture ratio. The dependency assumed is shown in Figure ll-A.

The tankage weight was based upon information supplied by the Lock-

heed California Company for vehicles in the 1.0 million pound gross

weight class. These weights were representative of very advanced

LO2/H 2 vehicles and were used for both the state of the art and very

advanced rocket engine propulsion systems.
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2. Engine weight -- Defined for each propulsion system.

3. Thrust structure weight -- This was taken equal to 0.5_ of engine

sea level thrust.

4. Propellant weight -- This was determined by the trajectory.

5. Miscellaneous weight -- This factor was determined according to the

recoverability mode assumed for the rocket vehicle.

6. Payload weight -- Gross weight of the vehicle minus Items 1 to l

5, above.

An additional vehicle specification was the drag coefficient shown in

Figure ll-B. The drag coefficients were based upon an aerodynamically clean

Saturn Apollo vehicle configuration.

5.2.3.1.2 Two-Sta6e to Orbit

The two-stage to orbit, all-rocket vehicle considered very

advanced high performance, altitude compensating aerodynamic spike engines

in both the boost and upper stages. In keeping with the single stage to

orbit study described previously, a 2000 psla chamber pressure was selected

as representative of a: very advanced booster propulsion system. Current

Rocketdyne studies of upper stage very advanced propulsion systems indicate

that a chamber pressure of 1500 psia is representative for upper stage engines

that are not exit diameter-limited. Accordingly, 1500 and 2000 psia were used

for the chamber pressures of the upper stage and booster engines, respectively.

Both booster and u_oer stage propulsion systems utilized a fuel-rich

tap-off cycle (Figure 7-B) using high efficiency turbopumps and high tempera-

ture, high pressure ratio turbines. System parameters for the engines are

summarized below:

Chamber pressure (psia)

Turbine drive

Oxidizer pump discharge pressure (psia)

Fuel pump discharge pressure (psla)

Gas generator temperature (°R)

Pump efficiencles (_)

Turbine efficiencies (_)

Turbine pressure ratio

Booster Upper Stage

2OOO 1500

Fuel-rich tap-off gases

257O
35OO
2360

8O

65

5O

1940
262O

2360
8O

65

50



rquam ....,,, o.,,,o,.,.
J t,Y_I.V _t 4TI(_W

Report 29,194

Volume 2

The performance of the booster propulsion system was the same as that

given for the single stage to orbit rocket vehicle. The variation of vacuum

specific impulse and engine weight with geometric area ratio are shown in

Figure 12 for the upper stage propulsicm system. The effects of engine mix-

ture ratio and nozzle percent length on vacuum specific impulse and engine

weight are given in Figure 13 for the upper stage engine.

The trajectory model used for the two stage to orbit vehicle was similar

to that of the single stage vehicle. The second stage vehicle, however, did

not reach a total energy sufficient to carry it to orbital altitude while in

the gravity turn maneuver. The gravity turn was maintained until a dynamic

pressure of 30 psf was reached, after which a pitch angle maneuver was used

until potential orbital velocity was attained. This traJectory model maxi-

mized the burnout weight by variation of the kick angle and pitch angle. In

addition, the staging conditions between the booster and upper stage propul-

sion systems _ere investigated by the variation of propellant distribution

between the two stages. An orbital altitude of 262 n. miles with a 30 degree

orbital inclination (eastward launch) was used for payload maximization as

before.

The vehicle was considered to be aerodynamically clean, corresponding

to the drag coefficients given by Figure ll-B. Drag due to llft and angle

of attack during the kickover maneuver and the pitching sequence was ne-

glected. For the former, the execution time was short (4 to 6 seconds) and

for the latter, the dynamic pressure was low. Booster stage weight was

determined based on a constant propellant weight fraction (kpl) defined as

X* Weight of booster pro_ellant

Pl Weight of booster propellant + Total booster inert weight

This definition includes engine weight with the total inert weight.

The propellant weight fraction of 0.875 used for the booster stage was

based on a study made by the Martin Company (Reference 9). Martin studied

in some detail several two-stage to orbit rocket vehicles in the post-Saturn

class (18 million pounds gross weight) and determined that values of kpl

between 0.870 and 0.880 are representative of recoverable booster stages. The

recovery method was parachute re-entry, retro rocket assisted water impact, and

flotation.

Upper stage weight consists of f_ve psrts: (i) propellant weight,

given by the trajectory, (2) tank weight, taken propDrtional to propellant

weight (Figure ll-A), (3) engine weight (Figure 12-B), (4) thrust structure

weight, taken at 0.5_ of engine sea level thrust, and (5) payload (all re-

maining weight).
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The system parameters that were varied were thrust, engine mixture ratio,

nozzle area ratio, nozzle percent length, and stage point, i.e., the allocation

of propulsion ideal velocity between the two stages. These parameters are

indicated below along with the range investigated:
@

Parameter

Initial thrust-to-weight ratio

Mixture ratio

Nozzle area ratio

Nozzle percent length

Ideal Velocity, fps

Stage

i

1.5

6.5

(4o-eo)

15

(7-12,000)

Stage

II

(0.9-2.0)

(6.0-6.7)

(130-2S0)

(15-35)

(av2)

Three of the above parameters (Stage I initial thrust-to-weight ratio, engine

mixture ratio, and nozzle precent length) were selected from the results of

the single stage to orbit studies. The variables which had the strongest

influence upon the payload were the stage point and the upper stage initial

thrust-to-weight ratio. Variables of lesser importance were the mixture

ratio, area ratio, and percent length.

The payload maximization procedure is shown in Figure 14 and is detailed

step-by-step in Section 5.2.5.2.2.

5.2.3.2 Results

5.2.3.2.1 Sin61e Sta_e to Orbit

5.2.3.2.1.1 State of the Art Rocket En6ine

The range of parameters chosen for the maximization search,

based on previous single stage booster studies, was

Initial thrust-to-weight ratio = 1.25 to 1.50

Nozzle area ratio = 15 to 30

Mixture ratio : 4.5 to 6.5

The engines throughout this range fit within a 19-fc_tvehicle diameter.

After a few trial cases, it became clear that the lower thrust values and

nozzle expansion area ratios could be discarded. A mixture ratio of 4.5, an

area ratio of 30, and an initial thrust-to-weight ratio of 1.5, gave the largest

burnout weight. However, a nozzle area ratio of 25 showed a maximum payload,

with an area ratio of 30 producing somewhat less payload, and 20 producing
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SELECTION

OF 25%

L2

FIGURE 1i. Payload Max_i_ization Procedure for the Two-Stage Advanced Rocket
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markedly less payload. At the nozzle area ratio of 25, a mixture ratio of 6.0

maximized payload. There was an interrelationship between mixture ratio and

area ratio that indicated that higher nozzle expansion area ratios called for

higher mixture ratios. Single stage to orbit LO2/H 2 vehicles also had maximum

payload at the higher mixture ratios due to the decreased tank weight at higher

mixture ratios. A graph of these results showing payload versus mixture ratio

for nozzle area ratios of 25 and 30 is given in Figure 15.

The maximization of payload with respect to the thrust-to-weight ratio

occurred at the boundary of the chosen range (1.50). Calculations determined

that less payload could be expected at a thrust-to-weight ratio of 1.55. Thus,

a thrust-to-weight ratio of 1._O gave the maximum payload. These values of

engine thrust-to-weight ratios were higher than those usually encountered in

mission studies and arose both from the lack of any pronounced drag effects
and from the selection of the definition of "maximum". The maximization was

based upon obtaining "the largest payload for a given initial gross weight".

Had the criterion been "the highest payload for a given size engine", a lower

thrust-to-weight ratio would be indicated. Moreover, the payload in the second

case would be larger, but the gross weight would also be larger, but by a

greater percentage. The point to be made _as that for a given engine, the

highest payload ratio (payload-to-gross weight) had less than the maximum

possible payload.

The engine system parameters which resulted in the maximum payload wez:.e

found to be an initial thrust-to-weight ratio of 1.5, a nozzle expansion area

ratio of 25, and a mixture ratio of 6.0. The vehicle trajectory character-

istics, utilizing this engine, are given in Table III. The vehicle flight

path (in the atmosphere) is shown in Figure 16. A maximum aerodynamic pres-

sure of 1300 psf was reached at an altitude of 23,000 feet.

The maximum dynamic pressure could be reduced by flying at lower kickover

angles, but a consequent loss in payload would be suffered. Table IV lists

the payload loss for the best engine case at kick angles other than that given

in Table III. The low drag values used for the vehicle resulted in payload

maximization at high kick angles. Thrust versus altitude and specific impulse

versus altitude are shown in Figures 17-A and 17-B, respectively.

5.2.3.2.1.2 Ver_ Advanced Rocket Engine

The mission analysis was initially performed considering

an unrestrained longitudinal acceleration trajectory. Propulsion system and

trajectory parameters were obtained for a maximum payload vehicle based on

an unrestrained longitudinal acceleration. Propulsion system parameters were

then determined for a longitudinal acceleration limit of 3.0 g, a study guide-

line established in recognition of "non-astronaut" passenger potentialities

for reuseable launch vehicles. Although the trajectories and payloads for the

restrained and unrestrained longitudinal acceleration vehicles were vastly

different, the propulsion system parameters for maximum payload were found

to be essentially the same.
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262 N. MILE ORBIT
UNTHROTTLED ENGINE (NO ACCELERATION LIMIT)

+ 1000 ! I
REFERENCE

oJ,
F/W -- 1.50

gross

-3000 -- • = 25' --I--

I
!

•=30
F/W • 1.45

-4000
3 4 5 6 7

0 - PAYLOAD • 11,725 LBF ...r, _.=

_ -1000 l,,/'-/! -_- F/W " 1.50 _

_ .__ 1.45
o,

<1 -2ooo

AREA RATIO I

VEHICLE MIXTURE RATIO (O/F)

FIGURE 15. Engine Performance for the State of the Art Rocket Engine,

Single Stage to IOrbit Mission
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TABLE IV

PAYLOAD LOSS FOR CONVENTIONAL STATE OF THE ART PROPUISION

Single stage to 262 n. mile orbit

Gross weight = 1,O00,O00 lbm

Thrust = 1,500,000 lbf

Nozzle area ratio = 25
Mixture ratio = 6.0

Reference payload = 11,725 lbf

(_p --o.893)

Kick Angle

F

(degrees)

12.7

12.2 (optimum)

Maximum Dynamic Pressure

%=

(psf)

1320

1300

i1.7

ll. 2

lO.7

9.7

9.2

8.7

8.2

7.7

7.2

6.7

6.2

5.7

5.2

4.7

4.2

1230

1200

116o

ii00

1060

1020

980

950

910

870

830

79O

750

710

660

Payload
Loss

(Ibf)

- 232

0

- 243

- 727

- 1313

- 2558

- 3327

- _145

- 5o15

- 5926

- 6973

- 8062

- 9186

-10407

-ll711

-13109

-14625
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The following parameters were investigated for unrestrained longitudinal

acceleration vehicles to determine the engine system which gave the highest

payload:

i. Thrust-to-weight ratio at takeoff

2. Expansion area ratio

3. Engine (vehicle) mixture ratio

_. Engine length

The thrust-to-weight ratio at takeoff was investigated while keeping a

constant vehicle gross weight of 1.0 million lbs. The payload continually

increased with increasing F/W over the range from 1.25 to 1.6 as shown in

Figure 18-A. However, the payload increase from 1.9 to 1.6 was very small.

A F/W of 1.5 was chosen as the baseline for the very advanced rocket.

The effect of expansion area ratio on payload is shown in Figure 18-B

for the 2000 psia chamber pressure, very advanced engine system. The maxi-

mum payload was obtained with an expansion area ratio of 80. Expansion area

ratios below 80 had a higher sea level specific impulse and lower engine

weight, but also, a lower vacuum specific impulse. Expansion area ratios

above 80 had a higher vacuum specific impulse but a lower sea level specific

impulse and a higher engine weight. The area ratio of 80 for the very ad-

vanced engine was considerably higher than the area ratio of 25 for the state

of the art engine. The primary cause for this was the altitude compensating

ability of the aerodynamic spike nozzle used with the very advanced engine

configuration which allowed the high area ratio nozzles to maintain good per-
formance at sea lev__ s_litions.

The effect of engine (overall) mixture ratio on payload is shown in

Figure 18-C. The mixture ratio for maxi_mmpayload was found to be 6.5.

This was the result of a tradeoff between high performance at the lower mix-

ture ratios and lower tank and engine weight at the higher mixture ratios.

The mixture ratio of 6.5 for the very advanced engine configuration was

slightly higher than the mixture ratio of 6.0 used for the state of the art

engine. This results from the very advanced engine configuration having a

higher expansion area ratio than the state of the art engine.

The effect of nozzle percent length is shown in Figure 18-D. Maximum

payload is obtained with a nozzle length of 15_ (referenced to a 15 ° conical

nozzle of equivalent area ratio).

Nozzle area ratio was investigated for a 3.0 g acceleration limited

trajectory. Engine performance degradation due to (1) a decrease in theo-

retical performance, and (2) a decrease in the combustion efficiency was

considered as the engine was throttled to maintain the acceleration limit.

Payload as a function of area ratio is shown in Figure 19-A. Maximum pay-
load was found to occur at an area ratio of 80 (the same as for trajectories

with no acceleration limit). Table V summarizes the engine performance data

for the very advanced engine system.

11
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FIGURE 18. Effect of Design Parameters on Payload, Very Advanced Rocket Engine,

Single Stage to Orbit Mission
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Propulsion system parameters for the single stage to orbit vehicle using

a very advanced engine were determined to be a thrust-to-gross weight ratio

of 1.5, an expansion area ratio of 80:i, and an engine mixture ratio of 6.5:1.

Altitude versus flight velocity, specific impulse versus altitude, and thrust

versus altitude are shown in Figures 19-B, 19-C, and 19-D, respectively for

the unrestrained and the restrained vehicle trajectories. The trajectory
characteristics are tabulated in Tables VI and VII.

A maximum dynamic pressure of 10_5 psi was encountered at an altitude

of 413000 feet for the unrestrained trajectory while a lower value of maximum

dynamic pressure (795 psi at hO,O00 ft altitude) occurred for the 3.0 g accel-

eration limited trajectory. In addition to the lower dynamic pressure, the

acceleration limited trajectory had approximately 3600 pounds less payload

than the unrestrained vehicle (approximately a lO percent reduction).

A weight summary for the single stage to orbit vehicles is given in

Table VIII. The very advanced engine configuration (no acceleration limit)

will deliver approximately 2h,900 pounds more payload than the state of the

art engine configuration.

5.2.3.2.2 Two-Stage to Orbit

The payload maximization results for the two-stage to orbit

mission are described below in the framework of the procedure reflected in

Figure l_. ....-.............

ii Initially, the booster engine parameters were selected based on the

results of the single stage to orbit studies. These parameters were

coupled_rlth-_rbitrari_y_sm_ectedulmPer stage parameters. Payload

was maximized by variation of (1) booster stage kick angle, (2)

constant vehicle pitch angle, and (3) upper stage thrust level. For

this initial maximization, the booster stage velocity increment was

maintained constant at 12,00C l%/sec.

_e The upper stage area ratio was then investigated for various upper

stage thrust levels. Payload was maximized by varlatlon of (1)

booster stage kick angle, (2) vehicle pitch angle, (3) stage ideal

velocity increment, (4) upper stage thrust level, and (5) upper

stage area ratio. The results are shown graphically in Figure 20-A.

The higher upper stage thrust level (650K) with the lower area ratio

(¢ = 160) gave slightly less payload than the lower thrust level

(470K) with the higher area ratio (¢ = 200).

3. The booster stage area ratio was next investigated. The parameters

that were varied to obtain maximum payload were (1) booster kick

angle, (2) vehicle pitch angle, (3) staging velocity, (4) upper

stage thrust and area ratio,and (5) booster area ratio. The results

are shown in Figure 20-B. A booster area ratio of 80 gave maximum

payload for the upper stage thrust levels which were investigated.
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TABLE VIII

WEIGHT SUMMARY FOR SINGLE STAGE TO 262 N. MILE ORBIT

Unrestrained Longitudinal Acceleration

Parameter

Gross weight lbf

Propellant weight, Ibf

Conventional

Propulsion

1,000,000

i _S3,052

Engineweight, lbfl

Tank weight, lbf

Thrust structure, Ibf'

Miscellaneous, lbf

Total inert weight, lbf

Recovery provisions (*2% W=ross) ,

_quivalent to 20% recovered weight) ibf

Payload (No recovery), lbf

k p (No recovery)

Payload (Recovery), lbf u'

k p (Recovery)

15,230

A6,387

7,500

36,100

105,223

20,000

11,725

0.893

-8,275

0.876

Advanced

Propulsion

!,000,O00

86_,1%

8,378

&A,227

7,500

36,100

96,205

20,000

36,600

O.9O

16,6OO

0.882

*Scaled from Reference 5 (Parachute-water recovery)
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2. The upper stage mixture ratio was then varied. An upper stage mixture

ratio of 6.5 was found to be best for all upper stage thrust levels.

The 470K upper stage _as also found to have the maximum payload_

5. The upper stage nozzle length was then investigated. A length of 25_o

of an ideal nozzle (based on a 15 ° cone) was found to give maximum

payload.

6. Exchange factors, which are the partial derivatives of payload with

respect to the values influencing it, were developed from the numer-

ous trajectory simulation computer runs that were made. These ex-

change factors were used to further refine the upper stage thrust

level, upper stage mixture ratio, upper stage area ratio, boost stage

velocity increment (stage point), and boost stage area ratio.*

7. Additional trajectory simulations were made to verify the results of

the system defined by the exchange factor analysis. These trajectory

simulations thus defined the system parameters for the boost engine

and upper stage engine that resulted in the maximum orbital payload.

These propulsion system parameters are summarized in Table IX. The

trajectory for the two-stage to orbit, very advanced system is tabu-
lated in Table X.

The variation of payload with the upper stage propellant weight fraction

is shown in Figure 21 for the very advanced two-stage to orbit vehicle. An

upper stage propellant weight fraction of 0.875, the same as that used for the

boost stage, resulted in a vehicle payload of about 72,200 pounds.

The very advanced engine characteristics are summarized in Tables XI and

XII for the first and second stages, respectively.

5.3 Selection of Analysis Techniques for Initial Composite Systems Rankin5

The initial payload performance comparisons of the study involved a large

number of competitive systems many of which had rather widely different operat-

ing characteristics and propulsion modes. It was evident that in order to pro-

cess the large number of cases, a fairly simple and economical procedure would

be necessary. Initially, simplified graphical techniques such as engine per-

formance and thrust weight tradeoff plots were considered. Subsequently,

simplified analytical techniques such as those cited in References 6 and 7 were

consulted for guidance.

In deriving a concise analysisconsistent with the need for flexibility

and economy, a simplified method of calculating system performance for com-

posite engines relative to advanced rocket baselines was developed (See Appen-

d±xC).

* See Appendix G (Volume 3) for exchange factors.
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TABLE IX

ADVANCED PROPULSION SYSTEM PARAMETERS

FOR THE TWO-STAGE TO ORBIT VEHICLE

Gross Weight = 1,O00,O00 lbs

Parameter Stage i Stage 2

Thrast, initial (ibf)

Thrash, vacuum (Ibf)

Ch_.mber pressure, (psia)

Area ratio

Engine weight* (ibf)

Tanked mixture ratio

Thrust chsr.ber mixture ratio

Total propellan_ flow rate (lbs/sec)

Specific impulse, initial (lbf-sec/ibm)

S;ecific impulse, vacuum (lbf-sec/lbm)

Aczual velocity increments (ft/sec)

ideal ve!oci_y incremen_ (ft/sec)

Diameter (ins.)

Length (ins.)

1,500,000

1,796,8oo

2,000

8O

8,378

6.5

6.84

3,999

375.1

449.3

6,774

9,915

217

57

535,000

538,000

I, 500

220

5,066

6.5

6.73

1,155

462

465.9

18,446

19,132

217

163

* Engine weight does not include provisions for thrust

vector control or heat exchangers for tank pressurization.
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The dominant constituent in this method is the determination of the area

under the curve of l/Specific impulse versus ideal velocity. This unfortu-

nately requires a knowledge of the ideal velocity history (or an equivalent

loss parameter history). It was anticipated that this ideal velocity history

could be derived from previous studies. As it developed, however, this proved

not to be a clean-cut approach, partially because insufficient background

existed. Also, by the nature of the broad spread of the candidate propulsion

concepts, from the rocket to the airbreathing ends of the spectrum, the sig-

nificance of the sought-for loss parameters (e.g. 3 ideal versus actual ve-

locity) ranged widely frcm case to case. Therefore, this method was abandoned

in favor of the more concise (and more expensive) path follower computer pro-

gram method to be now described. This path follower program was consequently

used to compute the first stage performance for all (37, including the very

advanced rocket) Class 0 engine systems. The second stage (all rocket, in

every case) performance was derived from previous reusable orbital transport
studies" in which Lockheed was associated (Reference l).

5.3.1 Path Follower Program

The essence of the simplified path follower program may be des-

cribed as follows: In general, the exact solution of the differential equa-

tions of motion along a trajectory results in a relatively expensive (to run)

computer program. The more economical procedure (used in the simplified path

follower program) is to reduce the problem to one of solving algebraic equa-

tions by making simplifying assumptions (such as holding certain parameters

constant over the specified velocity and altitude increment). The simplified

path follower program is described in Appendix D.

5.3.2 Prosram Calibration

Prior to its use, the path follower program was "calibrated" with

an existing run involving a more sophisticated Lockheed vehicle performance

program (Differential Program). The trajectory, propulsion system performance

(thrust and specific impulse), and the vehicle aerodynamic coefficients were
taken from the Lockheed run and were an input to the Marquardt program. The

resulting weight history and the flight velocity versus ideal velocity curves

are compared in Figures 22 and 23. The excellent agreement shown between the

results of the two Drograms may be interpreted as demonstrating the utility

of the Marquardt simplified path follower program. The slight disparities

indicated may be due in part to the slight variation of drag and llft factors

between programs. This particular difficulty was due in all likelihood to

slightly different methods of specifying these parameters. The drag comparison
is shown as a function of flight speed in Figure 24.

5.3.3 Utilization

The problem of flight path optimization in the Class 0 study was

approached in a simplified way by defining typical trajectories and choosing

- 71 -
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the best of these. The three reference trajectories used in evaluating Class 0

systems are given in Figure 25. The upper trajectory (qmax = lO00 psf) was

determined by Rocketdyne as a typical maximum payload trajectory for the very

advanced rocket design (See Section 5.2.1.1.2) and was therefore proposed as

the reference rocket trajectory. The lower trajectory of the three is a nominal

= 250 Dsia) trajectory. This trajec-
(q = 2000 psf, and (at higher speeds) Pt2

tory was considered to be a reasonable lower bound from vehicle dynamic pressure

loading and heating considerations, and inlet/engine internal duct pressure

limitations. The third trajectory (nominal q = 1390 psf and Pt2 = lO0 psia)

was arbitrarily defined as a reasonable intermediate.

It was anticipated that the trajectory sensitivity implications would be

reasonably clear for the various condidate composite engines as they were
checked on the above three trajectories. The intermediate trajectory (Trajec-

tory B) was selected to give a nominal uniform spread of trajectories but is

also representative of what was expected to be an acceptable traJecto_j (Judg-

ing from previous studies, Reference 15) for boost or boost-cruise vehicles

with composite or breathing powerplants. As shown, both vertical takeoff (VTO)

and horizontal takeoff (HTO) were considered in the Class 0 evaluation. It

will benoted in Figure 25 that a given trajectory differs in the velocity

regime from 0 to approximetely750 fps according to the takeoff mode.

The }{TO case was easily handled by the path follower program and is similar

to the typical hypersonic airplane takeoff with liftoff occurring at a nominal

390 fps. In the VTO case, however, the present simplified path follower pro-

gram could not be used to describe the flight performance on the initial part

of the trajectory (dashed line in Figure 25). Therefore, the fuel expenditure

during the non-lifting portion of VTO flight path was calculated by hand as

follows: Vertical flight was maintained to 300 fps; at this velocity, the

vehicle began an appropriate gravity turn until it intersected the lifting

desired trajectory at a velocity of approximately 750 fps. From this point

to 8000 fps, the path follower program was used. From this it is apparent,
that the initial VTO trajectory varied somewhat with engine performance (rate

of fuel expenditure) and takeoff thrust loading.

9.3.4 Establishin5 a Viewpoint on Ensine Performance

The fundamental essence of the problem addressed in this study can

be, perhaps, expressed as follows: Among feasible launch vehicle engine types,
what combination of engine performance (specific impulse) and engine weight

(thrust/weight ratio) yields a maximum payload potential inan appropriate

vehicle context?" (See Sketch A, Section 1.2).

Of the two aspects (performance and weight),considerations accompanying

performance are in many ways more complex, and are often oblique in the context

of establishing a proper viewpoint. An ability to judge the meaningfulness of

specific impulse in the strong environment of trade-offs associated with engine/

vehicle synthesis is thereby made difficult.
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An attempt was made at the onset of the study to reflect generally on

this problem of "how to view the performance side of the ledger". The re-
sulting exercise is presented to contribute a basis for the reader to reflect

broadly on the meaning and significance of engine attainable specific impulse
values •

The discussion_hich follows involves a number of gross simplifications,

deemed permissible in illustrating general points. It applies directly to

single stage orbital missions, but the argument can be shown to hold, in

essence, for a two-stage vehicle.

The exposition is based on the definition of i*, the equivalent effec-

tive specific impulse of the propulsion system over the orbital velocity
range (See Appendix C):

Vf

i*
Jleff

(See definitions below)

The significance of composite engine specific impulse improvements over
a rocket baseline can be graphically illustrated by a plot of the reciprocal

I

of effective specific impulse (i-_) versus flight velocity (Vf) (value of the

integral above). The logarithm of the vehicle mass fraction, and hence over-

all system payload performance, is inversely related to the area under the

I
_----versus Vf curve. As an example, equivalent effective engine specific
eff

impulses for a number of operating modes over pertinent velocity increments

are tabulated below.

- T7 -
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TYPICAL PERFORMANCE INFOEMATION FOR SELECTED OPERATING MODES

(Hydrogen Fuel)

Operating Mode

Very advanced rocket

1. Atmospheric operation

2. Vacuum operation

Air liquefaction cycle ejector mode

Ws/Wp = 3.0)
Hydrogen turbojet

Subsonic combustion ramjet

Supersonic combustion ram0et

Flight Velocity

Range

( ypical)
(lO00 fps)

0 to 8

8 to 2_

0 to 2*

0 to 2*

2to8

8to 12

Equivalent Effective

Specific Impulse

(Typical Average Values)

(lbf sec/lbm)

3o5

395

1250

2100

1385
n3o

It should be noted that the effective impulse includes the instantane-

ous drag and gravity penalties for typical vehicle/engine systems in the

respective velocity increments.

The above sample performance data are presented in reciprocal form in

Figure 26. The crosshatched blocks show various area reductions (desirable

performance improvement) that can be achieved by the use of several composite

and/or airbreathing modes, over the comparison rocket mode. Note that the

turbojet "area reduction" (from the rocket level) is made up of both the

RamLACE block plus an incremental area indicated for the turbojet, reflecting

an additional 850 second performance margin. Several interesting points can

be made with the aid of this pictorial representation in Figure 26. Clearly,

it is important to keep in mind the engine weight implication of the modes

while viewing the illustration.

Once the characteristically high specific impulse level of the turbojet

and ramjet are achieved, further increases in performance will only provide
I

small area reductions under the -- curve and hence will provide relatively
Ieff

little system performance gains. This is generally true, even if no increase

in engine weight accompanies such further performance gain. It is apparent

that infinite specific impulse (no propellant expenditure for thrust produc-

tion) is required for zero reciprocal impulse. But even with an infinite

_These engines are capable of operation at higher flight speeds but, for the

purposes of this study, it was found to be more effective from the overall

system standpoint to transform them to a r.amjet mode at about that Mach number.
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specific impulse (or zero area) up to 8000 fps, the area under the advanced

rocket line in the 8000 to 25,000 fps velocity from a hypothetical air-

breather regime represents a significant modulating factor, holding down

the equivalent specific impulse for the total velocity increment. Hence,

beyond a certain level of performance, further increases in local specific

impulse achieve rapidly diminishing mission gains.

One obvious means of reducing the area under the advanced rocket line

above 8000 fps is the utilization of the supersonic combustion ramjet as

indicated. ScramJet operation can be extended above the 12,000 fps velocity

shown in the example. This can be expected to provide significant area

reductions in the I plot, reflecting a gain in the overall equivalent
Ieff

effective impulse across the mission profile.

The slight area reductions resulting from very significant improvements

in average effective impulse in the initial boost velocity regime (such as

via the turbojet) can be equated to equal areas produced by only slight

improvements in the advanced rocket effective impulse for the final boost

increment. (Admittedly, such rocket specific impulse improvements are not

necessarily easily come by.) For example, comparing the two areas marked

"X", the slight further area reduction or average specific impulse improve-
ment shown for the turbojet over the RamLACE mode in the 0 to 2000 fps

velocity range is approximately equivalent--for orbital payload delivery--

to an improvement of the order of 5 seconds in the rocket mode effective

impulse over the 8000 to 25,000 fps velocity increment. Such a rocket mode

improvement might come about through employment of a very high effective

nozzle expansion area ratio in the vacuum environment, for example.

Observing that a broadly ranging semi-quantltative analysis such as

the foregoing can yield only a tentative conclusion, at best, the following

points are worthy of note by way of summarizing:

le This exercise does not reflect the equally important engine weight

side of the ledger. Nor does it reflect the vehicle system penal-

ties associated with higher speed atmospheric operation (heating,

aerodynamic loads).

o The area under the reciprocal instantaneous effective impulse ver-

sus flight velocity curve is directly indicative of I*, the equi-

valent effective specific impulse over the velocity range. Payload

performance, in turn, is logarithmically proportional to I*.

- 80 -
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o For velocity increments of 2000 to 3000 ft/sec, once specific im-

pulse levels are doubled or tripled, relative to that achievable

by the rocket mode, additional increases provide rapidly diminishing

returnsin terms of overall performance over the orbital speed range.

. Clearly indicated is the importance of increasing the high speed

penetration capability of airbreathing composite engine modes

(ScramJet implication).

5. Maximizing vacuum rocket mode performance will be another fruitful

avenue toward increasing I* and, hence, increasing payload.

5.4 Identification and Analysis of Candidate Engine Concepts (36)

All composite engine types of potential interest for launch vehicle

propulsion were identified, critically reviewed, and, as appropriate, placed

into a general ordered format. Among others, the following specific tech-

niques were used to accomplish this objective:

io A quasi-morphological approach wherein (i) engine operating modes

and (2) engine constituent subsystems were used as a means to syn-

thesize and then to analyze candidate composite engines

2. A survey and critical re-evaluation of previously identified com-

posite propulsion systems

3. An attempt to invent new systems on a pragmatic advanced launch

vehicle requirement basis

As indicated above, the morphological technique employed to identify

and synthesize Class.O systems proceeded from two directions: (1) oper-

ating mode make-up and (2) subsystem inventory to the powerplants. The
results obtained from each of these will be described in that order below.

First, however, some general comments are pertinent.

As the subtask effort proceeded, it was generally discovered that the

synthesis by modes approach was a strikingly successful means of system

identification. It was, in fact, this technique which was found to best

dictate the ordering format of the Class 0 systems to be given later in this

section.

On the other hand, the results of studies of candidate systems, which
were then undertaken from the constituent subsystem standpoint, were found

to serve as both a check of the results of the mode approach, while yielding

at the same time significant analysis results. These were expressed, natur-

ally, in terms of the component requirements implicit in the candidate com-

posite systems, as will be seen.
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Also, as will be remarkedupon in a subsequent section, the ultimate
listing of Class 0 systems by and large preemptedthe concurrent review of
existing cycles for inclusion as candidates (Item 2 above, literature search,
etc.). The morphological analysis by modesis described next.

A numberof composite engine subsystemand subsystem integration con-
cepts which are new mudnovel were conceived in this phase. The nature of
this invention will becomeevident as the conceptual design work associated
with later phases of the study are described.

It cannot be said that a newengine, or engines _re invented as a
separate activity, however, say from the morphological study. The latter
already reflects, as pointed out earlier, s numberof newly invented -- in a
real sense -- composite engines. Nevertheless, a discrete effort toward in-
novating overall propulsion concepts by way of the invention of new engine
systems, was sustained.

As an aside, the following two strongly interacting, all but self-evident
maxims,were evolved as possible key tools for such system invention:

i. For every flight regime, maximizethe instantaneous specific impulse
(for a thrust requirement) with any and all hardware or propellant
meansavailable

2. Attempt to utilize all available hardware at all times over the
mission profile to increase the instantaneous specific impulse

5.4.1 Analysis by Operatin_ Modes

5.4.1.1 Methodology

The essence of the identification by modes approach lies in the

broad assessment of feasible operating modes for which composite engines (study

definition) are conceivable and capable of execution across the full flight

regime. Once identified, the operating modes can be tied together by specific

"paths" across the mission velocity spectrum. Each such discrete path repre-

sents a candidate engine concept. This section lists the applicable operating

modes and the candidate systems which were identified.

Available engine operating modes for formulating candidate composite

engines include not onlycomposite rocket/airbreathingmodes (e.g., air aug-

mented rocket) but also pure airbreathing and rocket modes as well. A listing

of 21 applicable operating modes is given below, with comments added to clarify

what expressly is meant by each, where this may not be self-evident.

First, a very brief reminder of an initial restraint on the study which

precludes certain operating modes which might otherwise be considered. Not

to be included in the physical make-up of composite cycle propulsion systems

addressed here are the following systems:
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i. Complex multistage air compression machinery (e.g., that type typical

of the turbojet engine), except where this equipment may be useful

as a secondary or auxiliary subsystem

2. Nuclear reactor

3. Solid propellant rocket

These restraints, it should be observed, remove from the direct scope

of the program such projected composite engines as the turboramjet and the

nuclear liquid air cycle (NuLACE) propulsion system.

5.4.1.2 Results

The 21 candidate operating modes noted for inclusion in the

identification of candidate concepts task are:

i. Rocket

2. Ramjet-subsonic combustion

3. Ramjet-supersonic combustion

_. Basic Liquid Air Cycle Engine (LACE)

5. Basic LACE-recycled hydrogen

(The recycling of heated hydrogen from the (atmospheric) air lique-

faction system of LACE-based engines back to a tank containing sub-

cooled hydrogen (usually in "slush" form) offers a potential for

very significant low speed performance improvement at a minimum of

flight equipment complexity and added weight. This benefit derives
from the resulting leaning-out of the "naturally" fuel-rich cycle.)

6. Air augmented rocket, simultaneous mixing and burning cycle

(Simultaneous mixing and burning refers to the thermodynamic process

wherein excess fuel present in the rocket exhaust -- a normal situa-

tion with the usual rocket mixture ratios employed -- is combusted

with the induced and entrained air during mixing of the two in the

engine duct. Also, secondary fuel can be directly injected into the

front of the mixer as well, via a distribution system of one kind

or another.)

7. Supercharged air augmented rocket, simultaneous mixing and burning

("Supercharged" refers to the use of a low pressure ratio rotating

mechanical device (such as a single stage fan) to effect a pressure

- 83 -
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rise in the air passing into the mixing section of the engine. De-

pending on the specific arrangement, a modest but significant increase

in cycle performance results at static conditions and during the lower

flight speed range, at little penalty in engine thrust/weight ratio.

As will be discussed under Item 21 below, such a fan can potentially

effect very high performance for the low speed, relatively low thrust

requirements of vehicle f!yback and landing. This latter, perhaps,

is the main justification for inclusion of the fan subsystem in the

several engine concepts where it appears.)

8. Air augmented rocket, afterburning cycle

(In contrast to the simultaneous mixing and burning case, the after-

burning cycle separates the mixing and burning processes to achieve

maximum cycle performance, i.e., thrust augmentation ratio. This is

done through the stipulation of stoichiometric primary rockets (as

opposed to conventional fuel-rich rockets) coupled with constant

ares (usually) mixing, diffusion to higher static pressure, and dis-

crete afterburning followed by expansion through a nozzle.)

9- Supercharged air augmented rocket, afterburning cycle

10. Air augmented LACE, simultaneous mixing and burning cycle

ll. Air augmented LACE simultaneous mixing and burning cycle, recycle H2

12. Supercharged air augmented LACE, simultaneous mixing and burning cycle

13. Supercharged air augmented LACE, simultaneous mixing and burning cycle,

recycle H2

l&. Air augmented LACE, afterburning cycle (the initial mode of the Ram-

LACE engine)

l_. Air augmented LACE, afterburning cycle, recycled H 2

16. Supercharged air augmented LACE, afterburning cycle

17. Supercharged air augmented LACE, afterburning cycle, recycled H2

18. Air augmented heated hydrogen rocket, simultaneous mixing and burning

cycle

(The heated hydrogen rocket can be viewed as the extreme case of a

fuel-rich primary wherein the hydrogen working fluid and fuel first

receives thermal energy other than through direct combustion, such

as in a regenerative cooling jacket of an afterburner heat exchanger.)

" - 8h -
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19. Augmenter LACE

(The Augmenter LACE mode comprises a departure from the basic rocket

wherein separate, or common combustors, burn hydrogen and liquid air

collected in an air liquefaction system, generally using all the

hydrogen flow of the combined systems.)

20. Augmenter LACE, recycled

21. Ducted fan

(It is within the constraint imposed on the study with regard to

primary turbomachinery to consider the use of a relatively simple

low blockage fan device operating within the large duct common to

many of the candidate engines. A comment appears above, following

the listing of Mode No. 7, relative to the use of a fan for super-

charging purposes. The fan in duct operation, by itself, is viewed

as a high performance mode (low propellant usage) for the vital fly-

beck and landing tasks of the composite engine's mission profile. The

importance of very low propellant expenditure for this can be quickly

grasped by considering that sufficient flyback/landing propellant must

be initially loaded on board, carried to mission velocity, and then

decelerated through an aerodynamic heating phase, all before it be-

gins to be used. In a real sense, flybeck propellant will be con-

sidered more precious than first stage payload, pound for pound.)

These 21 modes were identified and all have been employed in candidate

engine identification. Additional operating modes of quasi-modes were intro-

duced subsequently in the study. A notable instance is the Fan Ramjet mode

first examined in the Class 2 Phase. By quasi-mode is meant a vehicle opera-

tion involving propulsion equipment which does not directly affect the operat-

ing propulsion cycle at that point in time. The best known example of this is

air liquefaction, collection, and storage for later use.

Figure 27 lists the 21 engine operating modes and assigns a line and color

coding to each. Also, the method of indicating transitions from one mode to

another in the context of an engine is given in the general legend in this

figure. Figure 28 shows schematics for all 36 concepts.*

Identification of candidate composite engines by operating modes can now

be described. The results of this are displayed also in Figure 27. As can

be seen, 36 candidate Class 0 engines are shown (as well as the baseline rocket,

Engine No. O) in terms of their progressive operating modes over the entire

mission profile from lift-off to touchdown. Engine identification numbers are

assigned, and descriptive titles are included.

* See later Figure 72 for the special schematic legend used to signify inlet,

exit, and heat exchanger characteristics.
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GENERAL LEGEND

STEP MODE CHANGE

STEP MODE CHANGE, UNCERTAIN SPEED AT CHANGE

PHASED MODE CHANGE

RECYCLED H2 (SUB-COOLED) OPERATION

SUPERCHARGED CYCLE (SIMPLE FAN)

SUPERCHARGED CYCLE WITH H2 RECYCLED

MISSION-DEPENDENT ALTERNATIVE MODES

ENGINE OPERATINGMODES

_m

U

N

_-_

n
n

n
m
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n
n
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ROCKET

RAMJET- SUBSONIC COMBUSTION

RAMJET- SUPERSONIC COMBUSTION CSCRAMJET)

BASIC LACE

BASIC LACE -RECYCLED H2

AIR-AUGMENTED ROCKET, SIMULTANEOUS MIXING AND BURNING CYCLE

SUPERCHARGED AIR-AUGMENTED ROCKET, SIMULTANEOUS MIXING AND BURNING CYCLE

AIR- AUGMENTED ROCKET, APTERBURNING CYCLE

SUPERCHARGED AIR-AUGMENTED ROCKET, AFTERBURNING CYCLE

AiR-AUGMENTED LACE, SIMULTANEOUS MIXING AND BURNING CYCLE

AIR-AUGMENTED LACE, SIMULTANEOUS MIXING AND BURNING CYCLE, RECYCLED H2b
SUPERCHARGED AIR-AUGMENTED LACE, SIMULTANEOUS MIXING AND BURNING CYCLE

SUPERCHARGED AIR-AUGMENTED LACE, SIMULTANEOUS MIXING AND BURNING CYCLE, RECYCLED H2

AIR-AUGMENTED LACE, AFTERBURNiNG CYCLE

AIR-AUGMENTED LACE, AFTERBURNING CYCLE, RECYCLED H2

SUPERCHARGED AIR-AUGMENTED LACE, AFTERBURNING CYCLE

SUPERCHARGED AIR-AUGMENTED LACE, AFTERBURNING CYCLE, RECYCLED H2

AiR-AUGMENTED HEATED HYDROGEN ROCKET, SIMULTANEOUS MIXING AND BURNING CYCLE

AUGMENTER LACE

FIGURE 27. Candidate Composite Propulsion

AUGMENTER LACE, RECYCLED H2 Systems, C]ass O

DUCTED FAN, WITH OR WITHOUT PLENUM BURNING
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5.4.2 Analysis by Constituent Subsystems

5.4.2.1 Methodology

An analysis of composite engines by constituent subsystems was

performed to determine the degree of utilization of the subsystem by the

operating modes and candidate engines. The following eight subsystems (pre-

viously shown in Figure 4) were considered:

Fuel supply (Vehicle)

Oxidizer supply (Vehicle)
Inlet

Fan

Heat exchanger group

Primar_j thrust c._mber

Seconda_" fuel (O:-idizer) distributor

Mixer/Combustor/Eni-_

This analysis was fundamentally a survey of the degree of utilization

of the above subsystems among the operating modes and candidate engines

previously described.

5.4.2.2 Results

Table XIII shows the subsystems required for each of the 21

operating modes. The requirements for subcooled hydrogen and operational

subsystems are indicated.

Figure 29 shows the relative requirement in bar chart form for the sub-

systems as an overall function of the selected operating modes. Noting t_mt

the comparison rocket (Engine No. O) is included, making a total of 21 operat-

ing modes, some interesting obse_rations can be made from Figure 29, as fol-

lows:

i. Evez-j mode requires a fuel supply, but less than half require

(tanked) oxidizer.

2. All modes except the rocket (95_) require an inlet.

3. All but three modes (865) require a primary thrust chamber of one

kind or another.

4. All but five modes (76_) require a mixer/combustor/exit subsystem.

5. A high degree of optlonality (50_) exists for the secondary fuel

and/or oxidizer distributor subsystem.

6. No mode requires all subsystems.

- 91 -
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28

SUBCOOLED FUEL

OPTIONAL SUBSYSTEM

24

2O

Ld

o 16
0

0

*" 12
l,U

4

Fuel Oxidizer Inlet Fan
Supply Supply

Heat Ex- Primary Secondary M ixee-
Changer Thrust Fuel (Ox) Combustor
Group Chamber Distributor Exit

FIGURE 29. Operating Mode Subsystem Requirements (21 Modes)

R-20,658
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An initial step in creating the engine identification scheme of Figure 27

was the following: The operating modes were listed on a large working sheet

which reflected the entire mission profile from left to right. The modes were

located at appropriate points in the flight velocity spectrum. On this pre-

sentation, coded lines, or paths were drawn through the lines denoting usage

of particular modes for flight/speed atmospheric environments which were ap-

propriate and feasible for that mode. Each path, as it transformed from one

mode to another (e.g., augmented rocket to ramjet) eventually completed its

trace from liftoff to touchdown and thus described one engine concept. In

every case (except the baseline rocket) more than one mode was indicated for

each such engine. Hence, composite cycle launch vehicle engines typically

are multimode devices.

In the construction of the initial working chart described above, strictly

speaking, Figure 27 does not present a total morphological result. The impli-

cation of a rigorous morphological approach in terms of number of candidate

engines would be overwhelming. In the present case, it would ultimately re-

quire that any and all combinations of operating modes be displayed and exam-

ined for possibilities, one by one.

To make the method as practical as possible, technical Judgment was

applied during this exercise such that only feasible, and where choices arose,

best combinations are displayed in Figure 27. By this significant relaxation

of the morphological method, it is possible that matrix locations containing

desirable engines may have been missed in the survey. Obviously, efforts were

made to avoid this situation through Judgment.

Referring again to Figure 27, it will be noted that lengthy titles accom-

pany many of the engine concepts. This stems from the fact that many of the

candidates had not been previously identified or named. There are others

which are familiar (e.g., Engine No. i is the HyperJet). In general 3 through

the Class 0 evaluation, at least, the number code will be used extensively for

callout purposes.

Each candidate engine was described and reported in terms of performance

and thrust/weight ratios, etc. The mechanism chosen for transmitting this

Class 0 engine information is the so-called Engine Fact Sheet. The Class 0

Fact Sheets which are discussed in the next section, are presented in Volumes

4 and 5 of this report. For those engines proceeding into the Class 1 and

Class 2 phases of the studies, the Fact Sheets were, in effect, grossly ex-

panded, and they comprise Volumes 6 and 7 of this report, respectively.

Utilization of the eight subsystems by the candidate engines reflects a

somewhat different pattern as shown in Table XIV and Figure 30. It should be

noted that Engine 0 is again included, making the total number of engines

listed 37. Several, if not most, of the findings listed below were intui-

tively known prior to the analysis. For example, the fact that all com-

posite engines require inlets necessarily accompanies the stipulated alr-using
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TABLE XIV

ENGINE SUBSYSTEM REQUIREMENTS

Engine
Number

0
1

2

3
&
5
6
7
S

9
i0
ll

12

13
1A
15
16

17
18

19

2O

21
22

23
2_

25
26

27
28

29

3O
31

32
33
3&
35
36

LEG_D:

Fuel Oxidizer

Supply Supply

R R
R R

R R

R V

Rs V
R R
R R

R R
R R

R R
R R

R R

R R
R R

R R

R R
R R

R V
R V

Rs V

Rs V
R V
R V

R s V

Rs V
R V

R V

Rs V

Rs V
R V
R V

R s V

R s V
R R

R s R
R V
R V

R = Subsystem required

0 = Subsystem optional

R

R
R

R

R

Heat

Exchanger
Group

w

R

R
m

u

M

u

m

u

m

R

R
R

R
R

R

R

R

R
R

R

R

R
R

R

R
R

R

Pri_mry Secondary
Thrust Fuel (Ox)

Chamber Distributor

R m
R

R

R N
R m

R 0
R R

R R
R R

R R
R R

R R

R R
R 0

R R
R R

R R

R R
R R

R R

R R

R R
R R

R R

R R
R R

R R

R R
R R

R R
R R

R R

R R

R(2)

R(2) --
R
R

Mixer/

Combustor/
Exit

m

R

R
m

m

R
R

R
R

R

R
R

R

R
R

R
R

R
R

R

R
R '

R

R

R

R
R

R

R
R
R

R

R

R
R

s = Hydrogen subcooled
V = Subsystem required for vacuum operation

(n)= Multiple (n) subsystems required
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36

32

28

z

12
,

_ SUBCOOLEDFUEL

REQUIRED FORVACUUM
OPERATION

F OFTIO L
_._ .J SUBSYSTEM

121

8

4

Fuel Oxidizer Inlet Fan Heat Ex- Primary
Supply Supply Changer Thrust

Group Chamber

Secondary M ixee-
Fuel (Ox) Combustor
Distributor Exit

FIGURE 30. Engine Constituent Subsystems (36 Engines)

R-20,654 _.
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nature of this engine type. Nevertheless, there is value _the "quantifi-

cation" of these observations. There may be, for example, a real significance

in terms of prospective technology work to be yet accomplished, in the fact

that a significant number of engines depend on subcooled hydrogen fuel.

1. All engines require a fuel supply, and i0 (i.e., 27%) require sub-

cooled tanked liquid hydrogen for recycle purposes.

2@ All engines require an ozidizer supply if required to have vacuum

operating capability; if not, only 17 (i.e., 46%) have a tanked

oxidizer requirement.

3. All engines, excepting the baseline Rocket No. 0, require an inlet.

4. All but two engines (i.e., 95%) require a primary thrust chamber;

.......... the two are the HyperJet-type systems, Engines Nos. ! and 2, which

use the mixer/combustor/exit shroud as a rocket chamber in its

inlet-closed modes*.

5. Twenty (i.e., 9_%) and fourteen (i.e., 38%) of the engines include

heat exchanger and fan hardware, respectively.

6. Eight engines (i.e., 22%), Numbers 25 to 32, include all eight

subsystems, assuming a vacuum thrust requirement.

5.4.3 Surve[ and Critical Reevaluation of Previousl[ Identified Systems

5.4.3.1 Methodo!og_

Outside of composite engine concepts which were already devised,

or studied to some degree by Marquardt, Rocketdyne, or Lockheed (an inter-

company meeting was held expressly to tabulate such concepts), the survey

of previously identified engines was solely pursued through the following

systematic literature search efforts:

i. A new search of the domestic literature by Rocketdyne (Reference 9).

2. An existing survey centering about air augmented rockets conducted

by N_SA-Langley about three years ago (Reference lO).

3. An updating of the NASA-Langley survey.

* A slightly ambiguous situation can result from this - for example, the

observation made in Figure 2 relative to the fact that all composite engines

use primary thrust chambers.
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The last two ef_ts were carried out under the direction of Mr. P. K.
Pierpont at NASA-Langley.

The Rocketdynesearch resulted in a 132 page collection of abstracts
(Reference 9) which included the following sources:

International AerospaceAbstracts (1961-1965, May5)
IAA (Aero/Space Eng.) (1957-1960)
Aeronautical Engineering Index (1947-1956)
ARSJournal (1954-1965, April)
J. Spacecraft & Rockets (1964-1965, April)
NASASTAR(1962-1965, April)
NASACSTAR(1962-1965, May)
Liquid Propellant Information Agency (LPIA) (1958-1962)
Solid Propellant Information Agency (SPIA) (1957-1962)
Che_XcalPropulsion Information Agency (CPIA) (1963-1965)
International CombustionSymposium(4-8)
Agard Colloquium (1-5)
DDC/ASTIABibliography
References given by various authors

The Rocketdynesearch was found to very considerably duplicate the
earlier Langley search (Reference lO), except that it included more recent
material (up to Spring 1965).

5.4.3.2 Results

This survey did not identify any applicable propulsion systems

which were not otherwise included as a result of the morphological studies

already described. In a few instances, additional concept description type

data were requested. However, these inputs did not affect the results of

this study program.

5.5 Discussion

The preliminary phase of the study program served to establish several
bases from which the study itself could proceed including the following:

1. Definition of all baselines. Both a state of the art concept and

a very advanced engine concept were defined in terms of engine

parameters and in terms of mission operation on typical advanced

rocket type launch vehicles.

. By selective evaluation, an approach was identified and otherwise

prepared for comparative evaluation of the many concepts that were

identified as candidate composite engines. Further, the general

viewpoint was established on the relative weighting of performance
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in terms of engine specific impulse, thrust-to-weight ratio, and the

mission-peculiar aspects of the problem such as trajectory sensi-

tivity, vehicle installation considerations, and vehicle operating
modes.

3. Following a systematic identification and ordering task involving

four separate approaches for candidate naming, 36 engine concepts

were identified and sufficiently defined for further processing in

the study. These 36 concepts were termed the Class 0 Systems and

they are discussed in Section 6.0, below.
'L.;

In addition to these discrete task items, the prelimina_J phase did pro-

vide a general framework for the documentation and overall program approach

which was now considered in some detail to provide a basic guide for the

entire program. An example of this is the evolution of the project work plan

with the NASA Monitor Team which supplanted all precontract docur.enZaDicn

insofar as the program str_cture was concerned.

With the established work plan in hand, and the tools prepared by virtue

of the preliminary phase tasks above, the study entered its more productive
phases of selective engine evaluation and selection toward achieving the

objectives of the program.

5.6 Conclusions

By its nature, the preliminary phase developed no specific or discrete

conclusions. However, a few observations of merit and significance can be
made.

Perhaps the most interesting general result of the preliminary phase

deals with the determination of an effective and economical comparative

evaluation technique for the Class 0 system analysis and selection which

follows (Section 6.0). Initial attempts to generate or to determine highly

simplified techniques (such as graphical techniques or hand computation

analytical approaches) did not prove effective. Instead, it was found that

the path follower computer program was a significantly more sophisticated

solution to the problem and was in order for the next task. This approach

(as revealed by the Class 0 comparative analysis) did prove effective and

economical in terms of confidence in the results which were gained.

In the identification of candidate system subtasks, a noted result was

the relative effectiveness of the "Identification by Operating Modes" approach

to initial candidate engine identification. This particular approach (which

surveyed as many operating modes as was permitted by the guidelines of the

study) was able to, by a simple combinational technique, lay out the full

rcster later termed the Class 0 systems. On the other hand, the identifi-

cation techniques based on component makeup proved to be a valid means for

checking or verifying the initial listings via operating modes.
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Surprisingl3_ the literature search, which was performed by two major

activities, turned up no systems of note that were not otherwise identified.

It has been concluded that the Class 0 systems do represent a broad and sys-

tematic listing of possible systems and that it is likely, if not probable,

that no promising system has been left off the list.

Hence, the general results of the study can be taken as being broad within

the guidelines of the study.
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6.0 CLASS O SYSTEMS PHASE

6.1 General Considerations

6.1.1 Objective

It was the primary purpose of the Class 0 study phase to select

the more attractive (in the payload-to-orbit performance potential sense) of

the candidate composite engine systems identified in the preliminary phase

subtask (reported in Section 9.4).

As will be described, this selection required a step-by-step evaluation

of the engine concepts themselves, and then an assessment of the systems in a

vehicle/mission context. Significant propulsion system information was gener-

ated in the process of examining the candidate concepts. These data form the

basis for the Jl_ss 0 Fact Sheets (published as Volumes 4 and 5 in the final

documentation series of this study). The derivation of this technical informa-

tion was, nenc%, an intrinsic objective of the Class 0 Study Phase.

The scope and approach used in this phase are described below.

6.1.2

The scope of the Class 0 study phase comprised basically three

aspects:

1. Candidate composite engine performance and weight analysis

2. Candidate composite engine mission analysi% (Payload ranking)

3. Selection of Class i concepts, generally identified as the more

attractive of the composite systems

The engines studies (Items i and 2 above) were carried out on a systematic

basis for all of the candidate engine concepts. This work extended only to a

technical depth consistent with a valid relative payload performance assess-

ment, leading to the selection of the more attractive systems. The engine
information thus generated is published in "Fact Sheet" format as Volumes 4

and 5 of this report.

6.1.3 Approach

As previously noted (Section 5.4) the Class 0 candidate systems

comprised some 36 engine concepts. Each of these was individually examined to

determine its performance and approximate uninstalled weight characteristics,

as well as its physical envelope requirements.
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No conceptual design work was performed in this phase, the effort remain-

ing on an operating schematic basis (See Figure 28). Also, the thrust and

specific impulse performance was derived, not parametrically, but for three

arbitrarily specified reference ascent trajectories (0 to 8000 ft/sec). These

paths: which bracket the area of interest, are presented in Figure 25 and they
can be described as follows:

Trajectory Characteristics

A

B

Airbreathing type path with constant dynamic

pressure (2000 lb/ft2) held to the point that

a recovery inlet pressure of 250 psia (duct

Dressure) is attained (Based on Specification

MIL-E-5008B specified inlet performance)

An intermediate lower dynamic pressure path,

but with the constant _constant duct pres-

sure trends as in A. However, the magnitudes

of these parameters were significantly lower:

1350 lb/ft 2 and 150 psia, respectively

A non-lifting conventional rocket vehicle path

with a maximum dynamic pressure of lO00 lb/ft

(at a flight velocity of_2000 ft/sec), and

extra-atmospheric flight at the high speed end

A baseline mission model was established for payload performance evalua-

tion purposes, based on the study guidelines (Section 3.1). An attempt was

made to select engine sizing characteristics and ascent path to provide a

favorable reflection of the capability of an individual propulsion system.

Fully variable geometry inlet and exit nozzle assumptions were made.

The high performance inlet pressure recovery schedule provided in Specifi-

cation MIL-E-5008Bwas utilized throughout this phase. Again, the purpose

was to show each propulsion cycle in an advantageous setting for the initial

selection operation.

The payload to orbit ranking established for the Class 0 engine concepts
on the baseline mission model which comprised a two-stage, horizontal takeoff

and landing vehicle configuration staging at 8000 ft/sec was then checked for

sensitivity to such major perturbations as variation in takeoff mode, ascent

trajectory, engine weight, vehicle inert weight, engine sizing, lift-off

velocity, and the flyback and landing requirement.

- 102 -
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Ultimately, a ranking (including the effect of the above perturbations)

for all of the candidate systems was achieved. Three additional criteria

(in addition to payload performance) were then applied for the selection of

those concepts which were to be carried forward in the next phase of the study,

namel_ the selection of the Class 1 systems.

6.1.4 Phase Tasks

The Class 0 Phase Tasks consisted of (1) engine performance,

(2) weight studies, and (3) mission analysis and payload ranking. In addi-

tion to these three tasks reported below (Seetions 6.2, 6.3, and 6.5, res-

pectively), an introduction to the Class 0 Fact Sheets is also provided (Sec-
tion 6.h).

6.2 Engine Performance

6.2.1 Methodology

6.2.1.1 Engine Desi_nAssum?tions and Sizin_ Considerations

The 36 Class 0 engines were found to fall into two gross cate-

gories of propulsion systems, (1) those that convert to subsonic combustion

ramjet (and possibly ScramJet) operation and (2) those that do not have ram- -

Jet capaoi±ity. For the latter category, the principal link with the remain-

ing engine concepts in terms of the sizing and performance basis is the

250,000 lb sea level static thrust. (This results in a h to 6 engine comple-

ment for the 1.0M-lb vehicle model.) The engines that convert to ramjet

operation have the following additional general bases with regard to sizing,

performance, and weight:

Variable geometry inlet

MIL-E-5OOSB inlet pressure recovery

Maximum cowl area = 1.15 combustor ares

Variable geometry exit

Altitude compensation

Maximum expansion area = 1.5 cowl area

Maximum mixer/combustor area of simultaneous mixing and combustion

(SMC) cycles* = Afterburner or combustor area of diffusion and

afterburning (DAB) cycles.

* Often referred to as basic, or simple augmentation schemes.



rguarur .,,,o..,. Report 2_, 19_

Volume 2

The variable geometry inlet and exit basis with good inlet recovery and

an altitude compensating nozzle allowed the candidate composite engines to

be compared on a best performance basis. The engine weight assessment com-

prised a broad band, acco_nodating variable geometry considerations, to deter-

mine the relative overall mission weight sensitivities of the various engines.

The assumption of equal mixer/combustor and afterburner areas for the SMC and

DAB cycles, respectively, and inclusion of consistent ratios for inlet cowl

and exit expansion areas resulted in equal subsonic combustion ramjet thrust

and specific impulse, for all engines with this mode. Consistent ramjet type

component weights were also obtained on this basis.

The general composite engine station nomenclature for cycles converting to

ramjet operation is shown in Figure 31. The nominal sketch is for a diffusion

and afterburner cycle but it also illustrates the simultaneous mixing and com-

bustion cycle if the mixer area (A_) is taken equal to the combustor area (A4).

The Class 0 engine sizing base (le_ding to a selection of A4, a key reference

area) was taken from previous Air Force sponsored studies of the Ejector Ramjet

Engine (No. 9), References ll and 12. These engine studies and the Alr Force

sponsored application studies reported in Reference 8, coupled with various

vehicle system application studies by airframe companies, indicated attractive

performance and reasonable engine-vehicle packaging for diffusion and after-

burning cycle engines (e.g., Ejector Ramjet) with design secondary air-to-

primary rocket mass flow ratios (Ws/Wp) of 1.5 to 3.0.

These two mass flow ratios were selected as two discrete sizing bases to

evaluate the effect of this important specifying variable on the performance

of Class 0 engines by, in effect, bracketing the range of interest. The Ws/Wp

of 3.0 was combined with an afterburner/mixer diffusion :ratio (Ah/A_) of 2.0

for a higher augmented rocket mode performance engine. Conversely, Jthe Ws/Wp

of 1.5 was combined with an A&/A 3 of 1.6 for a lower performance, minimum volume
(and weight) engine. The two sets of parameters, in combination with the assumed

base point sea level static thrust of 250,000 pounds, specified the reference

combustor area (AA) for the diffusion and afterburning cycles of the mixer
combustor area for the simultaneous mixing and combustion cycles. Secondary-

to-primary flow ratios for the SMC engines varied with the particular cycle

to match AA and design thrust as noted in the engine operating parameter
listings of the Class 0 Fact Sheets (Volumes 4 and 5). The high Ws/W o Class 0

engines (designated -2) had a large AA and a consistently sized large-inlet

cowl area. Low Ws/W p engines (designated -1) had a smaller AA and inlet cowl.
Since ramjet thrust ms directly proportional to air flow, hence, to inlet cowl

or capture area, the high Ws/W o engines possessed high ramjet thrust and the

low Ws/Wp engines correspondingly lower ramjet thrust. This is quite apparent
in comparlng the Fact Sheet Ramjet thrust plots for a -1 and a -2 engine.

6.2.2 Results

Class 0 engine performance results and associated data are pre-

sented in detail in the Fact Sheets (Volumes 4 and 5). This documentation is
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introduced to the reader in Section 6._. The following discussions will

cover general results, pointing out several specific study results in passing.

6.2.2.1 Comparative Engine Performance Trends

Figure 32 presents a comparative plot of specific impulse trends

for selected Class 0 engines. The very advanced rocket (Engine No. O) per-

formance is included as a reference. Generally, performance improves as the

engine type progresses from the rocket through the various augmented rocket

cycles to Basic LACE and into the augmented air liquefaction cycles (RamLACE

Family). Maxlmumperformance was achieved in terms of specific impulse with

the Recycled RamLACE using the diffusion and afterburning augmented rocket

ejector mode. Recycle operation leans out the typically fuel-rich LACE and

RamLACE cycles by returning a portion of the excess hydrogen required for

air condensation to the vehicle tank containing subcooled(slush) hydrogen.

The air heat of vaporization carried by the recycled hydrogen is absorbed by

the heat sink, melting the slush and raising the hydrogen temperature to

normal boiling conditions. Air condensing requirements and an assessment of

the amount of heat sink available from subcooling are discussed later in this
section.

The initial boost phase specific impulse performance advantage of the

diffusion and afterburning (DAB) augmentation cycle over the simultaneous

mixing and combustion (SMC) cycle is graphically illustrated by the compari-

son of the DAB and SMC RamLACE performance in Figure 32 and also by that of

the Ejector Ramjet, a DAB cycle, as compared to the augmented rocket, a SMC

cycle. The basic thermodynamic reason for the inferior performance of the

SMC cycle is heat addition to the secondary air at less than maximum pressure.

The mixer, or ejector complex of an augmented rocket is tantamount to a Jet

compressor. This form of compression is associated with a low compression

ratio. At low flight speeds (Mach 1.0 and below) this is the engine's prin-

cipal compression source; at higher flight speeds, ram compression predomi-

nates. It is noted that the heat addition process (burning of fuel) has an

accompanying pressure loss. In the DAB cycle, the mixed (Jet compressed)

flow is diffused to a maximum static pressure at the combustor entrance

prior to heat addition via combustion of secondary 9uel with the entrained

secondary air. The result is a net gain in performance over the rocket,

or positive augmentation. Characteristic of SMC cycles, the heat addition

takes place partially through the compression process at a non-optlmumpres-

sure. The attendant net loss equates to lower performance, often negative

augmentation. A plot of typical thrust trends (corresponding to the specific

impulse figure shown in Figure 32 for the selected Class 0 engines) is pre-

sented in Figure 33. The increased thrust with increasing flight speed due

to augmentation is clearly shown. A lack of indicated positive thrust aug-

mentation at static conditions for the Ejector Ramjet, relative to the very

advanced rocket is due primarily to a disparate (primary) rocket chamber

pressure basis: 2000 psia chamber pressure for the rocket, and 1000 psia

- 106 -
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for the Class 0 Ejector Ramjet. The thrust indicated for the basic augmented

rocket (5-1) is on an inlet-closed basis to obviate the negative augmentation

regime, as noted for the engine in the Fact Sheets. The specific impulse pre-

sented in Figure 32 is on an inlet-open, negative augmentation basis for illus-

tration purposes. The ramjet thrust shown in Figure 33 is without the benefit

of a pressure field -Which would significantly magnify high speed (> M3) t_must.

The difference in thrust between the augmented rocket modes of engines that

convert to ramjet operation and the available ramjet thrust level illustrates

that the thrust performance of an augmented rocket can be approximated by adding

the thrust of the rocket primary and that of an equivalent ramjet operating on

the secondary air flow. The falloff of the Basic LACE thrust in Figure 33 and

the specific impulse in Figure 32 with flight speed is due to the increasing

inlet momentum penalty for intake of the air to be liquefied with increasing

flight speed.

Figure 34 presents an overall performance comparison of the Class 0 pay-

loads of the diffusion and afterburninz and simultaneous mixing and combustion

engines. The DAB and SMC versions of the basic cycle are paired. A su_ll

but consistent payload advantage is shown for the DAB engines. This illus-

trates that the lower specific impulse performance of the SMC cycles was not

effectively offset by the lower engine weights indicated for the SMC engines

(due to combining the mixer and combustor, and eliminating the diffuser). The

lack of a more significant weight advantage for SMC engi_les is due primarily

to a trade-off of engine length requirements with the larger mixer diameter

associated with simultaneous mixing and burning. For relatively large engines

(90,000 pounds sea level static thrust and up) the required combustion length

is a small portion of the engine length and does not scale with size. At a

250,000 lb thrust level, the combustion length is small compared to the vari-

able exit nozzle packaging length. Elimination of the combustor and the

connecting diffuser does provide a length decrease for SMC engines but this

gain is countered by some mixer length increase.

For comparable S_C and DAB engines, both having stoichiometric burning

of the secondary air, the mixer/combustor diameter of the SMC and the after-

burning diameter of the _ are, in a first order comparison, equal. The

larger mixer diameter of the SMC implies -- for comparable primary rocket

configuration_ -- a longer mixing length to achieve a consistent degree of

mixing. Heat addition during mixing for the SMC engine results in a higher

temperature at the mixer exit and thereby decreases the mixer inlet Mach

number relative to the DAB engine. Hence it processes less secondary air per

unit mixer area. Therefore, for nominally equivalent design Ws/W p ratios and
thrust levels, the SMC engine has a considerably larger mixer than its

count erpart.

The relative engine weights for SMC and _ engines can be seen in

Figure 39 which presents a representative sampling of Class 0 engine thrust/

weight ratios. The slight advantage of SMC engine 5-1 over DAB engine 9-1

- lO9 -
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(the -i designation denotes a low mass flow ratio design: Ws/Wp = 1.5) on
an uninstalled basis becomes negligible on an installed basis, even with a

lightweight inlet. For the RamLACE type system, the SMC engine (17-1) does

not have even an uninstalled weight advantage over the DAB engine (21-1). This

is due to the significantly reduced augmentation for the SMC version leading

to a higher primary rocket flow to produce equal thrust. Higher primary flow

signified a larger, heavier primary rocket and heat exchanger unit to liquefy

the primary air. As seen in Figure 35, these weight increases more than off-

set the weight decrease from elimination of the diffuser and afterburner.

6.2.2.2 Air Liquefaction System Characteristics

6.2.2.2.1 General Approach

Figure 36 presents the conditions in an air liquefaction heat

exchanger and illustrates the hydrogen requirements for air condensation and

the "pinch AT" problem of air liquefaction. The air precooling and air con-

densing regions are shown with lines of constant air pressure. The constant

equivalence ratio (_) lines are the temperature-enthalpy profile of a given

amount of hydrogen as it passes through the heat exchanger. The enthalpy of

the hydrogen is expressed in Btu/pound of air; the relative pounds of hydro-

gen and air being specified by the stoichiometric fuel-air ratio of 0.02916

and the stated equivalence ratio (_ : 2 signifies twice stoichiometric fuel-

air ratio, etc.). For air liquefaction, the hydrogen must be able to absorb

the heat of vaporization of the air (enthalpy above liquid state) and exit

- the condenser at a temperature below that of the incoming air. This requires

a positive pinch AT (T air in - TH2 out)- Since the required heat transfer
surface area (indicative of volume and weight) of both the precooler and con-

denser is inversely proportional to the pinch AT, a reasonably sized heat ex-

changer requires typically a lO ° to 30°R AT. Conversely, the smaller the AT,

the less hydrogen (lower _) is required for liquefaction and the leaner the

cycle (higher specific impulse).

The high hydrogen requirement for liquefaction (the amount that can be

stoichiometrically burned with the liquefied air) has led to a wide variety

of cycle perturbations to minimize the condensing hydrogen requirement, or

the net hydrogen from the heat exchanger. The objective is, of course, to

raise specific impulse performance by leaning out the otherwise rich cycle.

An example of the first approach is the use of a turbine expander in the con-

denser hydrogen circuit. An example of the second is the use of recycle flow

to the subcooled tank. In the Class 0 phase, recycle engines, the condenser

was typically operated at a _ = 8.0 and half the hydrogen was returned to the

tank, leaving a _ = 4.0 for the precooler and the rest of the engine.

Another item used to minimize the condensing hydrogen requirement is the

use of a catalyst to obtain the endothermlc conversion from the tank's para
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state hydrogen to the equilibrium mixture of para and ortho in the condenser.

This additional heat sink is already incorporated in Figure 36 (equilibrium

basis). For example, the typical _ of 8 condition sketched would require a

of ll to 12 for air liquefaction with parahydrogen.

The heat sink capacity of subcooled hydrogen is presented in Figure 37.

As shown, a major portion of the heat sink is achieved by just subcooling the

hydrogen to the triple point. The amount is also a function of the tank pres-

sure as indicated. The premise of using a recycle engine is that all of the

vehicle hydrogen is initially subcooled, and the heat sink below standard tank

conditions (boiling hydrogen) is used up during the relatively brief Mach 0

to 2.0 ejector mode acceleration phase. Recycle time checks for Class 0 en-

gines were made using the acceleration time data from the mission performance

evaluations. Both the high and low secondary-to-prlmary mass flow ratio re-

cycle engines systems were found to be marginal on heat sink (50 percent slush

basis), even when subcooled second stage fuel was considered to be available

as well. Hence, all Ram[ACE engines utilizing subcooled fuel for recycle

should be carefully checked for adequate cycle times for the acceleration

phase of the mission for any proposed application. The Class 0 recycle Ram-

LACE engines as discussed were considered to operate with a constant equiva-

lence ratio (_) of 8 for the condenser and _ = 4 for the precooler. If more

of the condenser fuel was recycled (> 5(_), the system would be evenmore

marginal with regard to recycle time, while cycles returning less would obvi-

ously be better. Note the discussion of recycle time limits in Lockheed's

vehicle analysis section for the Class 1 study phase (Section 7.6.2.5). A

qualifying item is that the recycle time checks discussed above are based

on propulsion system operation using a hydrogen-oxygen rocket mode (second

stage) from Mach 8 to orbit. ScramJet systems operating to Mach 12 or beyond

before beginning rocket operation will have a greater portion of the propellant

as hydrogen available for subcooling and therefore should provide comparatively

better recycle times.

An evaluation of several heat exchanger cycles was conducted by Rocketdyne

to investigate potential methods of reducing the heat exchanger weight required

for air liquefaction. The studies were specifically oriented toward the aug-

menter LACE cycles, Class O, Engines Nos. 33 and 34, to be described in detail

subsequently, but are also of general interest. Both the liquid hydrogen and

liquid oxygen were considered as possible liquefacients for the air lique-

faction system. Although the air liquefaction properties of liquid oxygen

(specific heat, temperature difference) are not as good as those of hydrogen,

the potentially large amount of oxygen available in a vehicle utilizing a

rocket propulsion mode could make oxygen attractive for thls purpose.

The primary problem in liquefying air in a heat exchanger is the pinch AT

effect which occurs in the condensing portion of the heat exchanger system

(see previous discussion and Figure 36). This effect occurs because the air

remains at a nearly constant temperature as it condenses whereas the coolant
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is continually rising in temperature. Thus the temperature difference between

the air and the coolant is continually decreasing. The pinch AT effect refers

to the minimum temperature difference between the air and coolant. Since the

required heat transfer area is inversely proportional to the temperature dif-

ference, the heat exchanger must be designed to minimize this problem.

Two feasible methods of alleviating the pinch AT problem were considered

in this evaluation. The first was a hydrogen recycle system which utilized

the heat sink available by tanking the hydrogen in a slush (50_ solid, 5(_io

liquid) form. A fraction of the hydrogen which passed through the condenser

(now gaseous hydrogen) was recycled back to the tank where it was reliquefied

by the slush hydrogen. The second method was the use of subcooled or slush

oxygen in addition to the recycled hydrogen. In this study, little attempt

was made to determine the best performing heat exchanger system. Rather,

the effort was concentrated on determining which parameters had the greatest

effect on heat exchanger size.

6.2.2.2.2 Recycled Hydrogen Heat Exchan6er Systems

T_o heat exchanger systems which utilized hydrogen recycle

were evaluated. The hydrogen was considered to be tanked in a slush, para-

hydrogen form in both cases. The first system utilized only the higher

hydrogen condenser flow rates made possible by the recycle to aid in the air

liquefaction. The second system included not only the higher hydrogen flow

rates but also the endothermic transformation of parahydrogen to equilibrium

hydrogen to assist in the liquefaction. This second system study was made

principa!lu i_.... _e_'z-'t of air liquefaction engines for Class 1 and is dis-

cussed in Section 7.2.

The heat exchanger systems were designed such that at the design con-

ditions, saturated air vapor existed at the exit of the precooler and satu-

rated liquid air existed at the exit of the condenser. At off-design con-

ditions, the hydrogen recycle flow rate was adjusted such that saturated

liquid air existed at the exit of the condenser. However, the point at which
condensing began was no longer necessarily at the entrance to the condenser.

At some off-design conditions, condensing would occur in the precooler and

at other conditions_ part of the condenser would act as a precooler.

6.2.2.2.3 Parah_dro_en Recycle S_stems

The heat exchanger configuration used for this work was a

bare tube_ crossflow system. The hydrogen flowed inside the tubes with the

air flowing around them. Ten tube passes were nominally chosen although

the actual number of passes would probably be determined based on packaging

requirements. The heat exchanger matrix used for both the precooler and

condenser is illustrated in Sketch G, below.
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The air-side heat transfer coefficient and friction factor which were

used for the precooler are given in Equations (5) and (6), respectively.

NuD = 0.30(ReD)O'6OI(pr)i/3
(5)

f = 0.3474 (ReD)-0"208
(6)

Equation (6) was also used for the air-side friction factor in the con-

denser. The air-side heat transfer coefficient used for the condenser is

given in Figure 38.

Equations (7) and (8) were used for the precooler and condenser hydro-

gen-side heat transfer coefficient and friction factor, respectively.

Nu D = 0.024 (ReD)O'8(pr)0"4(Tb/Tw) 0"55 (7)

f = 0.0h62 (ReD)'0"2 (8)
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A parametric investigation of the effects of the hydrogen pressure drop,

air pressure drop, and the recycle ratio was conducted. The nominal design

point is shown in Figure 39. The parameters were perturbed about this design

although the general trends exhibited are anticipated to be typical at other

design points also.

The effect of the hydrogen pressure drop on the precooler and condenser

size was found to be negligible. Increasing the hydrogen precooler pressure

drop from I00 psia to 500 psia resulted in only 1 percent precooler area re-

duction. A higher pressure drop increased the Reynolds number, resulting

in a higher convectdve heat transfer coefficient for the hydrogen, but since

the air-slde convective heat transfer coefficient was controlling, there was

small effect on the heat exchanger size.

The effect of the air pressure drop on the heat exchanger size is shown

in Figures 40 and 41. Changing the air pressure drop had two effects: The

air-side convective heat transfer coefficient increased as the pressure drop

increased and, as the absolute pressure of the air decreased, the heat of

condensation increased. The latter effect caused the pinch AT effect to be-

come more severe because the air liquefied at a lower temperature. The two

effects mentioned above had counteracting tendencies on the heat exchanger

size and thus Figures 40 and 41 indicate a minimum size due to the interaction
of the effects.

Since the hydrogen pressure drop had only a small effect on the size of

the heat exchanger system, it would be preferable to determine this pressure

drop based on total engine system requirements rather than on the heat ex-

changer system alone. This was also true, but to a lesser extent, of the

air pressure drop.

It was desirable to recycle as much hydrogen as possible in order to

minimize the heat exchanger size and weight. The effective AT in both the

precooler and condenser increased as more hydrogen was recycled, resulting

in a smaller heat exchanger size. However, there was a maximum amount of

hydrogen which could be recycled without surpassing the available heat sink

of the slush hydrogen in the hydrogen tank. The amount of hydrogen recycled

at off-design conditions depended on the trajectory which was flown.

In this study, the mixture ratio of the liquid air/hydrogen chamber of

the engine was fixed. The air flow rate was determined by the inlet charac-

teristics and the vehicle altitude and Mach number. Fixing the air flow rate

thus determined the hydrogen flow rate to the liquid air/hydrogen combustion

chamber. Also, the hydrogen flow rate to the LO2/K 2 rocket engine was constant

and therefore this determined the hydrogen flow rate to the precooler. All the

air entering the inlet was liquefied and the hydrogen recycle flow rate was

adjusted to insure that saturated liquid air was obtained at the condenser

exit.
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The effect of the hydrogen recycle flow rate on the heat exchanger size

is shown in Figure _2. The percent recycle is defined as

H[dro_en recycle flow rate
Recycle : Hydrogen condenser flow rate x 100

Increasing the recycle flow rate decreased both the condenser and pre-

cooler size. The precooler size was decreased, even though the hydrogen flow

rate through the precooler remained constant, because the hydrogen entered

the precooler at a lower temperature. The precooler area is shown as a func-

tion of the hydrogen entrance temperature in Figure 43.

The hydrogen recycle flow rate requirements were evaluated over the Refer-

ence Trajectory B (Figure 29). The recycle requirements are shown in Figure

44. The maximum recycle flow rate occurred at a velocity of about 3000 ft/sec

since the air flow rate was a maximum at this point in the trajectory. At

higher flight velocities, the air flow rate was reduced and the air pressure

into the heat exchanger _as increased, resulting in a rapid reduction in the

hydrogen recycle requirement.

6.2.2.2.4 Subcooled Oxygen Heat Exchanger System

A possible heat exchanger cycle utilizing subcooled oxygen

and recycled hydrogen is shown in Figure 45. The tanked oxygen must be sub-

cooled for use in the air liquefaction system, since the normal tank storage

temperature of the oxygen is approximately that of liquid air. If oxygen

recycle is to be considered, the tanked oxygen should be in a slush form.

The triple point temperature of oxygen is approximately 98°R and thus this

is the minimum temperature which can be considered.

The performance of the subcooled oxygen heat exchanger cycle was examined

only at the design point condition. At the design point, about 20 percent of

the air could be condensed by the subcool2d oxygen. A hydrogen recycle flow

rate of 19 percent (based on the previously discussed hydrogen recycle work)

and an oxygen entrance temperature of I03@R (slight temperature rise due to

pumping) was used. The precooler area was reduced, even though oxygen was

not used there, due to the lower hydrogen temperature at the entrance to the

precooler. The reduction in precooler area was determined using Figure _3.
The estimated total heat exchanger core area reduction is approximately 29

percent. Since the heat exchanger core weight is directly proportional to

its area, a weight reduction of approxi_mtely 29 percent is anticipated.

6.3 Engine Weights

Composite engine thrust-to-weight ratio values are as basic to the rank-

ing of candidate concepts as are specific impulse and thrust characteristics.
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Therefore, a major Class 0 phase task consisted of engine weight estimations
for the 36 candidate systems.

The following sections present the scope, approach, and techniques utilized

for weight estimation and a discussion of the general results which were ob-
tained.

A detailed presentation of the weight data for the Class 0 concepts is

presented in the Fact Sheets (Volumes A and 5, the third page for each engine

set). The weights of major engine subsystems, the uninstalled engine, and

the complete engine including inlet (high and low estimates) are provided for

three levels of maximum engine pressures.

6.3.1 Methodolog_

6.3.1.1 General Approach

The approach used to estimate the uninstalled and installed

candidate engine weights are summarized in this section. The air induction

system and external engine shrouding are included in the installed weights

where indicated.

With the identification of the Class 0 candidate systems, it was noted
that the predominant engine configuration was the air augmented rocket sys-

tem. This class of engine was normally characterized by a rocket type high

pressure gas generator surrounded by a large mixing anG combustion duct.

Therefore, general weight studies of this general arrangement were initiated.

Subsequently, the two basic families comprising air augmentation cycles

were singled out for individual treatment. These two basic families are

simultaneous mixing and combustion systems (the so-called basic or simple

augmentation scheme) and diffusion and afterburning systems (afterburning

cycle augmentation). Thereafter, the non-augmentation systems (such as the

HyperJet, Augmenter LACE, etc.) were given individual treatment as required.

6.3.1.2 Procedure

With engines sized nominally at 250,000 lb initial thrust (four

engines or so for the 1.O million pound guideline vehicle weight class), the

augmentation type systems were geometrically sized and sketches were made.

The most sensitive sizing parameter for this purpose is the engine design

mass flow ratio, which is defined as the secondary duct air-to-primary rocket

flow ratio (Ws/Wp). Although the physically compact primary rocket element
had no significant geometric variation with changes in this parameter, the

shroud size (cross-sectional area) expanded directly with Ws/W p.
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In order to bracket the mass flow ratios of interest, nominal "high" and

"low" design mass ratios were designated and weight estimates were made for

both as appropriate and useful. These limits (for the afterburning cycle

based concepts for example) were numerically 1.5:l and 3.0:1, "low" and "high"

Ws/Wp, respectively.

Elements of the engine concepts were divided into two fundamental cate-

gories from the weight estimation standpoint, namely, air handling equipment

and non-air handling equipment. As would be anticipated, the weights of the

air handling equipment would be highly sensitive to the amount of air pro-

cessed and, particularly, to the maximum pressure requirements. This pressure

consideration was also treated by a bracketing approach using a range of 90

to 250 psia for the assumed operating pressures of the engines.

For the air handling sections of the engine (e.g., mixer, combustor, exit

nozzle) two approaches were taken at representative panel unit weights (ib/ft 2) .

These were a "near term" and an "advanced" mechanical/structural concept. Both

assumed the need for active cooling with fuel (reusable service implication).

The near term concept involved contemporary regeneratively cooled structural

concepts typically represented by wrapped/brazed superalloy tube wall struc-
tures. The advanced concept was based on a formed thin gage sheet metal/

composite structure which functionally isolated the cooling and load carrying

function. Regenerative cooling was conceptually augmented by transpiration

cooling as required.

A number of additional component oriented bases were applicable to the

Class 0 weight studies. These are briefly discussed below.

6.3.1.3 Prlmar_ Rocket

Primary rocket and turbopump weights were assessed uniformly on

the basis of prlmary-alone thrust values. The primary thrust is taken to be

that obtained if the rockets were operated externally to the engine with the

primary propellant flow rate at the appropriate oxidlzer/fuel ratio dictated

by the particular cycle (Reference &).

6.3.1.4 Fan

Fan assembly weights, including an assumed air breathing gas

generator for the supercharged cycles, were assessed on the basis of unit

fan frontal area.

6.3.1.9 Air Liquefaction Unit

Air liquefaction heat exchanger weights were based on a total

weight of precooler core, condenser core, headers, and casing per pound of

air flow liquefied. The heat exchanger designs, weights, and design/off-design

performance utilized the studies of References 13 through 17. Catalyst weights
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for the vital endothermic para/orthohydrogen conversion were assessedper
poundof condenser hydrogen flow using the data of References 14 and 18.

6.3.1.6 Inlet

For the inlets, the "heavy weight" estimates were based on a
two-dimensional design with pressure field generators included. The "light
weight" estimates were based on an axisy-mmetric design with a minimumof ex-
ternal engine shrouding and support structure included.

As the engine configurations were laid out in sketch form, previous
studies involving composite engines were referenced for guidance purposes.
Typical were References 13, 14, and 18. Particular note wasmadeof a pre-
vious Ejector Ramjet design termed the MA162(Reference 12) which stemmed
from the preceding year's Marquardt/Air Force AdvancedRamjet ConceptsPro-
gramunder Contract A2 33(615)-2399.

6.3.1.7. Wei6ht Estimate Matrix

As published in the Class 0 Engine Fact Sheets (Volumes 4 and

5), a fundamental three (operating pressure) by two (light weight/heavy weight)

matrix resulted from the variations described above. An additional two cases

were developed for selected engines of the air augmentation type, namely_

low versus high mass flow ratio designs. These were coded by -1 and -2 fol-

lowing the engine designation numbers for the low and high ratios 3 respectively.

For example, Engine 9-2 was a high mass flow ratio Ejector Ramjet concept.

6.3.2 Results

As is evident from the descripticms in the previous sections, the

complete results of the Class O candidate propulsion systems weight estimation

task comprises individual tabulated pages (the third page) of the 36 Engine

Fact Sheets. The Fact Sheets comprise Volumes 4 and 5 of the present report.

A sampling of the engine thrust/weight ratio results is presented in

Figure 35. This figure is a bar chart which shows the uninstalled and two

installed thrust/weight ratios for 7 composite propulsion systems and for

the very advanced comparison all-rocket systems. As noted by the -1 designa-

tion, only the low mass-ratio composite engines are reflected in Figure 35.

Again, the reader is referred to the Class 0 Fact Sheet volumes for de-

tailed weight study results.

6.4 Introduction to Class 0 Fact Sheets (Volumes 4 and _)

6.4.1 General Approach

The 36 candidate composite engine concepts (identified and dis-

cussed in Section 5.4) were each documented in a Fact Sheet. A collection
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of these Fact Sheets, containing both descriptive information and summary

results of the engine analyses (to be summarized in the next section) com-

prises Volumes 4 and 9 of this report. These are referred to as the Class 0

Fact Sheets documents. The purpose of this section is to briefly introduce

the reader to the scope, coverage, and format of the Fact Sheets.

Accompanying the listing of the items covered in the Fact Sheets are

reduced sample pages taken from the report for a typical engine (Figures 46

and _7). This procedure will be repeated as the Class 1 and Class 2 engine

information documents are subsequently introduced. As a note, the same en-

gine concept, the Supercharged Ejector Ramjet (Engine No. ll) is used as a

consistent sample in all three instances.

The numerical coding (Engines 0 to 36) indicators in Figure 27 are main-

--tafued throughout the study as the basic descriptor of the engines. As a

note, Engine 0 is a very advanced all-rocket system used as a baseline refer-

ence for Judging the effectivity of the composite engine family. It has been

fully described in Section 9.2.

6.4.2 Content of the Fact Sheets

Each of the 36 engines is represented in the colored bar chart

illustration (Figure 27). All are further described, and their performance

and physical characteristics are basically related in individual Fact Sheet

sets contained in this report. Special types of information given in the

Fact Sheets are detailed in the following, in which the items are keyed to

appropriate sample facets of Figures 46 and 47:

i. A listing of engine operating modes, and their in-flight progres-

sion, Fact Sheet (a)

2. The propellant requirements, Fact Sheet (a)

3. A listing of constituent engine subsystems (i.e., engine physical

make-up, Fact Sheet (a)

4. A schematic diagram reflecting the general arrangement of the engine

and its operation, Fact Sheet (a)

5o

o

Generalized basic design parameters (e.g., rocket primary-to-

secondary air flow ratio, Ws/Wp), Fact Sheet (b)

A block diagram depiction of each engine operating mode, Fact

Sheet (b)

Note: Items from this point on are based on a specific engine thrust

size: 250,000 lbf at sea level static conditions.

- 131 -



VAN NUI'II. CAtlQOllilelA Report 29,194

_/J;/_r_us#t CONFIDENTIAL

ENGINE FACT SHE_

Class 0 Composite LAUnCI_ Vehicle Engines

Engine llintificilion Num0er:

Engine 01trliing Mo0es

ModeProtreismn - Lift-off to Toucn-tiwn

Engine Prmeitant R_luiremen_
C,_e: (IIU • Re_we(t, (V) = Reouk_¢i #_' vacu,_ uleltlm% (F') = gllili fir flylMck

Hydrogen IRIuid. 37-40"R [7_O_Jefi, Ikluld.|62"R

['-LHyclraeje_,IKluid,Sulxoo_eO(_ "R) _O_jen, I_uiO, Sulx_olKI
I--1Hy0roge_.gaseous [] O_jen, 9asmus

[3_n,r

Engine ConstituentSu_ystm_,

Engine General Arrangement and Ooerating Scl_matic

, FAN C_BUSTOR --
INLET M XER/DIFFUSER _ EXIT

CONFI_I(TUIL

ENGINEPHYSICAL CHARACTERISTICS En_ NC._,LJ----

Wetghl end ThrusilWId¢_ht R_io

_r_Hl_ flKBMRI (Ibf/i_') Max_llm rclNDc.e IrMe't.at PmMC,Wl 1000 _.l_MIr/m _1

TN_ I_,H4I_ e Ultillli. -- -'l.l_ _1.4 Zk_e_ ,liD] A21 ZiJ

Iv_qpI i _li_m 1

UMIt'maltell lttl" WL' "-"L'L_L_"l-lL'_'__i_/ i%li < ,o<l _ liE: _l

Engine_ Arms end _ufvmhmt
Engine Lm_ims

Miller, A 3 ._.,_?_/_ _ _ _ llllel liyll)

Exit, A 6 ilCL_ H-t_ _n _ _ .1

REMARKS,REFERralS

_'_a..._ua_d!........CONFIDENTIAL

Engine Internal Ot_Iriting Parmmrs, nominal
^C/A3. l.I] 12. _$)

Pc-RKT • 1000 lena. O!F • ?.q4

FAN P.R. • l.J

Volume 2

Engine Ollriilng i BlockDilqrims

_) H

,.T_e_.__ ........ COHROENTtAL

SPEttlFIC IMPULSE

REFERenCE TRAJECTORI|S

I=

ENG. _, 11

6OOO

4000

2000

1000

_eo

I 6OO

u

400

i
r

"! I

200 ] .

_.oo !
0 2.0

I

[ i [

i_1!!

,,iI ........

iiiiiiiillil
t I I I I i , I ! I I I

.... '11111Ilil!!*x,,

4,0 6,O LO

FLI_T ViLelY, 1000

I

CU_T V[LOCI_, lOOO m/B

CONFIDENTIAL (d) CONfiDENTIAL

FIGURE /+6. Sample Engine Fact Sheets (Engine No. ll)

%



THRUST

_EFERE_CE TR4JECTGRI_S

ENG _0. 11

1000

4000 -

800

_ooo- oo1
o 6oo

ZOO0 - I,

_" N 400

,_ lOOO" 200

0

0 2.0 4.0 6.0 8.0

FLIGHT VELOCITY, 1000 ft/se¢

o.s l'.o _'.s 2.° _'.s

FLIGHT VELOCITY, _.000 _/let:

(e)

_;'J';_o_tue_dt............. CONFIDENTIAL

ENG NO 11

AIRFLOW

REFERENCE TRAJECTORIES

4000 •

8000

3000 -

6000

: 1

_ ,ooo _ ,ooo

lO00 " _ 2000

G - 0

0 2.0 4.0 6.0 8.0

FLIGHT VELOCITY, 1000 eo'l

0 0,5 110 ]l.$ 2i.0 ZI

FLIGHT VELOCITY, 1000 _/le¢

Report 25,192

CONFIDENTIAL

Volume 2

ENG _0 1].

CAPTURE AREA

REFERENCE TRAJECTORIES

Z00

(:')

%
.(

_/j_._g! ............. CONFIOENTIAL

- . - .:.. --_ _-.
_ "_ ....

CONFIDENTIAL

Sample Engine Fact Sheets (Engine No. ii)



rquamr .o..o..,o,.,.
I I.Y;RI, CkC 4 TIO_

Report •25,194

Volume 2

7. Weight and thrust/weight ratio data, Fact Sheet (c)

8. Key engine flow areas and equivalent diameters, Fact Sheet (c)

9. Typical engine lengths, Fact Sheet (c)

10. Net Jet specific impulse curves for three flight trajectories from

0 to 8000 ft/sec (for engines capable of supersonic combustion ram-

Jet modes, the specific impulse is given for a single trajectory

from 8000 to 12,000 ft/sec), Fact Sheet (d)

ll. Net Jet thrust curves corresponding to those conditions stated in

Item lO above, Fact Sheet (e)

12. The inlet capture area schedule used in determining the specific

impulse and thrust data (Items l0 and ll above), Fact Sheet (f)

13. The total engine air flow for the capture area schedule given

(Item 12 above), Fact Sheet (g)

Tabulated computer-derived engine data for points along the refer-

ence trajectories for the 0 to 8000 ft/sec flight velocity range.

Twenty-four parameter items are given for each trajectory point

calculated, Fact Sheet (h)

6.4.3 General Technical Information

Preceding the Fact Sheets, general technical data are provided

upon which the specific engine infor_mtion was predicated. Typical items

given are as follows:

1. Inlet pressure recovery schedule (Specification MIL-E-5008B)

2. Three reference trajectories

3. General and specific examples of vehicle/engine pressure field

effects on air flow and capture area

4. General subsonic combustion ramjet specific impulse and thrust

coefficient data

5. General supersonic combustion ramjet specific impulse and thrust

coefficient data

These curves are discussed with respect to their applicability to the

engine performance information given in the Fact Sheets.
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6.4.4 Further Introducticm to Fact Sheet Format

For familiarization purposes, as well as to convey a number'oftech -

nical notes, annotated Fact Sheet forms (blanks) are presented in the order of

their appearance in the engine information section. Associated schematic legend

information is introduced simultaneously..

6.4.5 Remarks and Special Notes

This section contains both general information relating to such

things as how engine data were derived, guidelines and assumptions made in

the Class 0 study phase, etc. Also, special notes are provided which deal

with specific engines, operating modes, and other specific technical areas.

A reasonably comprehensive set of references is provided for the Class 0

engines. These are called out in the Fact Sheets as they specifically relate

tc in_i_:idual engines.

6.5 Mission Performance

6.5 .I Methodolo_

The primary objective of the mission studies for the Class 0 com-

posite propulsion systems was to establish a payload-referenced ranking of

the candidate composite propulsion systems. Within the study guidelines

(Section 3.1) every effort was made, in this way, to apply a "common denomi-

nator" for evaluating this class of powerplant.

As pointed out (Section 5.3), the approach utilized for this effort com-

prised a baseline mission/vehicle model whose results -- in the comparative

engine ranking sense -- were then tested for sensitivity to certain perturba-

tions in both the mission and the vehicle make-up. The ranking achieved, thus

checked for sensitivity, provided a rational basis for selecting the more at-

tractive cycles for further treatment in depth.

Included in this section, in addition to the baseline payload ranking

and mission/vehicle perturbation results, are three other general results:

la Evaluation of vehicle inert-to-payload weight ratio, a system hard-

ware cost indicator employed as a secondary criterion in engine

assessment

. Coupling of specific impulse and thrust-to-welght ratio, in effect

a quantification of the data previously shown in Sketch A for

selected composite engines

3. Payload versus degree of vehicle recoverability, a comparison of a

representative composite engine with an advanced all-rocket system
as the vehicle context moves from minimum parachute/ocean type re-

covery to fully routine airline type operations
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6.5.1.1 Mission Model

The basic study guidelines that served to develop the Class 0

mission analysis baseline model were as follows:

1. Single stage and multistage vehicles

2. Gross weight in the 1.O million lbm class

3. Reusability

4. System availability in the period 1975 to 1985

5. Ranking on a basis of payload performance

Consideration of these guidelines and the necessity for using largely

existing information resulted in the following Class 0 baseline case, from

which perturbations were made to satisfy the guideline requirements:

1. Vehicle gross weight = 1.O million lbm

2. A two-stage system

3. Three reference ascent trajectories spanning a typical rocket

vehicle/airbreathing vehicle path spectrum

4. Engine ranking on the basis of payload delivered to 262 n. mile

orbit, with a due east launch

5- First stage return to base and landing penalties

6. Staging velocities: Vs = 8000 fps and 12,000 fps for engine with

subsonic and supersonic burning ramjet modes, respectively

7. Invariant vehicle aerodynamic characteristics with different

engines

8. Structural factors based on the Lockheed portion of the Reusable

Orbital Transport Studies (Reference 19)

9. Horizontal takeoff and landing (HTOHL) of both stages

6.5.1.2 Baseline Vehicle

The Class 0 vehicle concept used for all 36 composite engine

systems is illustrated in Figure 48. While differences existed upon layout

of the individual engine/vehicle systems, past integration efforts on engines

136
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GROSS WEIGHT = 1,000,000 Ib (453,592 kg)

TOTAL PLANFORM AREA = 16,670 ft 2 (1549 m2)

STAGING VELOCITY = 8,000 ft/sec (2438 m/sec)

GDjcL,FT_NGBODY___--_-______ I
sEco.osrAGE_F-------_,-- ---.=.-,_=:Cj_

'

__'-'__'_COMPOSlTE ENGINE COMPLEME NT

I

TAKE-OFF GEAR '''''OlO

NOTE: ALL-HYDROGEN FIRST STAGE SHOWN. STRUCTURAL
WEIGHT FRACTIONS WERE VARIED AS APPROPRIATE FOR

THOSE ENGINES REQUIRING STORED OXIDIZER (02 )

FIGURE AS. General Arrangement of Baseline Vehicle for Class 0 Engine Evaluation
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of these types had indicated no major configurational problems. It should be

remembered that the purpose of the Class 0 study was to reduce the large num-

ber of Class 0 engines (36) to a more manageable number of the best systems

for more detailed analysis in the Class 1 and 2 efforts, and not to derive

finalized performance data.

The singular set of vehicle aerodynamic data used for evaluating the

Class 0 systems is given in Figures 49 and 50. Figure h9 presents zero lift

drag coefficient versus Mach number and Figure 50 presents the lift coefficient

characteristics versus flight Mach number. The zero lift drag coefficient

includes typical drag associated with the engine installation, which was

held constant in the Class 0 engine study.

6.5.1.3 Method of Analysis

In the Class 0 analysis, the aerodynamic characteristics were

assumed to be the same for VTO and HTO vehicles. (In a gross sense, this

assumes that the VTO vehicle has wings with good lifting characteristics.)

The mission calculations involving this model were separated into three

discrete velocity increments, namely,

1. V = 0 to 8000 fps (Initial acceleration mode, ramjet mode)

2. V = 8000 to 12,000 fps (Supersonic combustion ramjet mode)

3. V = 8000 or ]2,000 fps to orbital conditions (Second stage, all

rocket)

The major share of the Class 0 effort was directed toward defining the

performance in the initial velocity increment (V = 0 to 8000 fps). The

Marquardt simplified path follower program referred to in Section 5.3 was
used for these first stage performance calculations.

6.5.1.3.1 Scram_et Velocity Increment

In order to assess the potential performance gains from utiliz-

ing a supersonic combustion propulsion mode, input data were extracted from the

Lockheed Manned Hypersonic Vehicle and Airbreathing Orbital Launch Vehicle

studies (Reference 19). For the nominal Scramjet velocity increment from 8000

to 12,000 fps, these studies indicated a mass fraction of 0.879 for a capture

area-to-vehicle frontal area ratio of 0.300 and a q = lO00 psf trajectory.

As a first order estimation technique, this mass fraation was applied to all

Class 0 composite engine systems capable of the ScramJet mode.
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6.5.1.3.2 Determination of Second Sta6e Gross Weight

The second stage gross weight deposited at a given staging

point is defined as

W 2 = W0 - W I

where W 1 is composed of

WBSE = Basic first stage fuselage structure and equipment (A

function of the first stage gross weight)(Figure 51)

WG = Takeoff gear (A function of system gross weight)

WW+ F = Wing and fins (A function of gross weight for a

specified takeoff speed) (Figure 52)

WASp = Propulsion system

Wp = Propellant

W T (WHT and WOXT) = Tankage (A function of propellant weight) (Figure 51)

This results in the expression

w2 w_ wQ Ww+; w_ wp wT
-- = 1

W0 W0 W0 W 0 W0 W 0 W 0

6.5.1.3.5 Pro_ellant Pl_s Engine Wei6ht Parameter

WG WW + F

For a specified takeoff weight, _and W0
%#

constant, then

W 2 WBS E WAB P Wp WT
= 1 - K

W0 W 0 W0 W0 W0

are essentially
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Typical system values (Engine No. ii) pertinent to composite propulsion sys-

tem analysis for these elements are

o.418_ = 1 - 0.1351 - 0.0619 - 0.0638 - 0.297 - 0.0235
e

0.3608

Within the range of first stage gross weights, for the 1.O million lbm

WBSE

class system, the relative variation in -_-_- is small (Figure 91) compared

with the sum of WABP + Up + W T WT
and further, the magnitude of_ is an orderW0

%J

WAB P + Wp

of magnitude less than W0 . For this reason, the minimum sum of pro-

pellant plus engines, as described by the ascent to the staging point and

the trade of engines and propellant consumpticm, is the dominant factor in

maximizing the second stage gross weight.

6.9.1.3.4 Structural Fraction

Expansion of the basic equation was made to provide a close

approximation of the vehicle structural weight in terms of established para-

meters for the Class 0 s}_tem evaluation as follows:

WBSE WG WW + F
i

W 2 W I W0 W 0

W o

% w-j
WBSE

W 1

WBSE

Iteration of the factor _ as a function of W 1 provided a balanced solution,

WABp + WP

subsequent to minimization of W0 , and thus provided for a summation of

the first stage dry structural weight elements.

6.5.1.3.5 Takeoff Speed

To evaluate the influence of takeoff speed on system payload,

the system weight per unit fuselage planform area was held constant and wing
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area was added or subtracted to facilitate llft-off at speeds from 200 to 600

fps. Figure 92 presents the required area loadings with respect to wing and

total planform cc_responding to a 16 ° llft-off angle of attack. Figure 92

also presents the resulting wing and fin weight penalties WW + F/Wo, as a

function of lift-off velocity. This factor was utilized in the second gross

weight determination equation to evaluate takeoff speed influence.

6.9.1.3.6 Fl[back and Landin6 Penalties

Assessment of the return to base and landing penalties requires

an evaluation of the first stage downrange displacement during ascent and entry

to the best turning and cruising performance, the power-off glide range, and

the airport go-around requirements. To facilitate the Class 0 system analysis

while providing a reasonable comparative evaluation of the various propulsion

systems, certain simplifying assumptions were made with respect to the flybaok

and landing modes :

i. A 300 n. mile cruise requirement at M = 4.9 and L/D = 3.4, to account

for turning and cruiseback

2. The remainder of the displacementby power-off equilibrium glide

3. A 9-minute airport go-around capability at subsonic speed at an

L/D = 7.0

These assumptions allowed a relative evaluation of the effects of specific

impulse level of the various propulslon systems under a return-to-base con-

straint.

6.9.1.3.7 Second Stage Calculations

Performance AV values are presented in Figure 93 for a second

stage of the GD/Convair lifting body type (Reference 1), with injection into

a 90 n. mile orbit altitude for various staging conditions. These data repre-

sent minimum fuel paths obtained by the calculus of variations technique from

the staging point to injection. An incorporated post-injection AV requirement

which was added to the values of Figure 93 is as follows:

AV

Transfer from 90 to lO0 n. mile orbit 182

Transfer from lOO to 262 n. mile orbit 929

Retro (1.9 @ entry angle) 430

Launch window maneuvers (Minor plane change) lOO

Velocity reserves 282

Total post-injection AV = !923 fps
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6.5.1.3.8 Payload Extra?olation

In order to evaluate the potential payload delivered to a 262

n. mile service orbit, it was necessary to extrapolate the nominal point design

second stage of GD/Convair as generated in the Reusable Orbital Transport

Studies (Reference 1). Figure 54 presents the potential gross payload as

a function of second stage gross weight for the two staging velocities con-

sidered. The performance AV values utilized in the extrapolation correspond

to the q = 100 psf, 7 = 7 ° initial second stage conditions.

6.9.1.3.9 HTO versus VT0

To provide a dry structure input for the evaluation of the

horizontal versus vertical takeoff modes, a comparison of the HT0 and VT0

rocket airplanes from the Reusable Orbital Transport Study (Reference 19) was

utilized, since no prior analysis of a VTO airbreather was available. Table

XV presents the weight breakdown of the two systems. Normalizing the systems

to equivalent gross weights of 1,669,490 pounds yielded a ratio of VT0 to _T0

dry structure of 0.828. The horizontal takeoff rocket airplane utilized a

sled launch at 650 fps. Consequently, the additional wing and gear weight

required for runway takeoff at lower speeds will increase the HTC structure
and tend to decrease the value of 0.828. Additional analysis during the Class

1 study provided a more definitive assessment of VT0 versus HTO weights.

6.5.1.3.10 Vehicle Pressure Field

The thrust multiplication factor due to the vehicle flow

field is shown in Figure 55 for the three Class 0 reference trajectories

(Figure 25). These factors are derived from angle of attack considerations

using the data of Figure 5 in Volume _ as a basis. The pressure field is
assumed to be two-dimensional (a reasonable assumption for the configuration

studied). The thrust multiplication factor is then a function of the flow

deflection angle and Mach number, as shown in Figure 95. The total deflection

angle was the sum of the angle of attack and the pressure field generator ramp

angle (in this case, 1.9=). The angle of attack was calculated using an as-
sumed vehicle weight history and the vehicle aerodynamic characteristics. The

effect of the vehicle pressure field on the engine specific impulse is usually

quite small and was not assessed in the Class 0 investigations.

6.9.2 Results

6.5.2.1 Baseline Payload Ranking

6.5.2.1.1 General Results

As noted above, previous Lockheed mission studies (Reference 19)

have shown that a minimum first stage propellant plus engines fraction will

result in a maximum orbital payload. This criterion forms the basis of Figures

96 and 97 which presents this parameter versus takeoff thrust-loading for all

- 147 -
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TABLE XV

WEIGET COMPARISON FOR HTO VERSUS VTO ROCKET POWERED AIRPLANES

Item

nZ initial lift-off

nx initial lift-off

WEIGHT SUMMARY

1. Body structure

2. Cabin structure

3. Aerodynamic devices

4. Landing gear

5. Heat protection

6. Personnel compartment

7. Main propulsion system and accessories

8. Auxiliary propulsion system (ACS, separation)

9. Environmental control system

lO. - 16. Controls, electrical, electronics

MS1 Dry structure weight ...

MDR 1 Design reserve (2_ MS)

Dry structure weight, incl. design reserve

less: 1.02 x main propulsion

Dry structure less main propulsion

MS +MI_

Mu, personnel (3)

MpR , reserve and return-to-base propellant

MI_, trapped residuals
"_,n

MW, wet structure

M?, impulse propellant

MAI , first stage mass

Mocii , second stage pre-ignition gross mass

Moi , lift-off mass

* F-l, two H-l, 4 airbreathers

**_o F-l, 4 airbreathers

HT0

2.00

i.20

(lbs )

41,820

i,400

69,020

16,920

2,300

86O

71,720*

5,960

55O

8a07o

218,620

4;370

222,990

-73 tl_O

i_9,840

222,990

650

43,080

14;660

281,38o

887tolo

i, 168,390

326;710

l,495,100

VT0

1.25

1.50

(ibs)

49,470

1,400

_f

40,860

17,790

3,800

86O

90,980"x-*

6,380

550

8_380

226,470

_530

231,000

-92,800

138,200

231, 000

690

47,790

17,810

297,250

1_041;040

1,338,290

327;200

i,665,490
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composite engines except those utilizing supersonic combustion. The minimum
point on each curve represents the best design point as far as thrust-loading
is concerned (engine-vehicle integration considerations aside).

Someinteresting trends are evident from Figures 96 and 57. For instance,
for }{TO, the optimumtakeoff thrust loadings vary between0.75 and approximately
1.6 and for VTObetween1.25 and 1.7. T_:vilues ma;g_be comparedwith typical
thrust loadings for turbojet systems of 0.4 and 0.7. The trend in thrust load-
ing for aircraft type climb-acceleration engines maybe stated as follows: A
reverse proportionality exists betweenoptimumtakeoff thrust loading (T/W) and
low speed engine specific impulse. This is partially due to the typical increas-
ing engine T/Wratio trend with decreasing low speed specific impulse.

Also of interest is the relation betweenengine mas_flow ratio (Ws/Wp,
secondary air/rocket flow) and the optimum takeoff thrust loading. For example,

the low mass flow ratio engine No. 21-1 optimizes at a thrust loading of 1.2

while the higher mass flow engine optimizes at a significantly lower thrust

loading of 0.8.

The effect of flying the band of reference trajectories of Figure 29 on

the propellant-plus-engines weight parameter is shown in Figure 98 for two

representative engine concepts, the Ejector Ramjet (No. 9) and the RamLACE

(No. 21). It may be noted that these curves are quite flat, indicating low

mission sensitivity to the spread of these particular trajectories. In the

case of the high mass flow ratio engines, Trajectory B is the "best" in each

case. For the low mass flow ratio engines considered, Trajectory A was the

"best" by a small margin over TraJectory B. Trajectory A, however, has asso-

ciated with it significantly greater vehicle heating characteristics, not quan-

titatively assessed. The fundamental shape of these curves is the result of

engine characteristics that appear in all systems (except Nos. 33 and 3_ the

Augmenter LACE engines), namely, increasing engine performance with higher

dynamic pressure trajectories, accompanied by increasing engine weight and

system drag.

The above factors, together with ramjet mode acceleration requirements

also indicated that an optimum engine design will be somewhere between the
two extremes of mass flow ratio which were examined. This was taken as suf-

ficient Justification for the assumption that Trajectory B may be taken as the

"best" for all engines except Nos. 33 and 3&. In the case of Engines Nos. 33

and 3h, the best trajectories were taken to be Trajectories C and A, respec-

tively, due to strong engine performance preferences.

The effect of trajectory on the optimum thrust loading is illustrated in

Figure _9 for Engine No. 9-1, showing that this optimum is not a strong func-
_,p • f. J ...... :

tlon of trajectory, since the range for'thls engine is between 1.5 and 1.6.

For higher performance engines, this sensitivity is expected to be even less.

- 153 -
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6.5.2.1.2 Candidate Engine Payload Rankln_

The baseline mission performance comparison of Class 0 engines

is shown in Figure 60. The performance index is gross payload into orbit, i.e.,

crew, passengers, cargo, and containment and provisions for the foregoing.* A

very large spectrum of payload potential is evident; a factor of approximately

ten in orbital payload occurs between the best engines (ScramLACE family) and

the non-ramjet mode composite engines of minimal payload potential. Of interest

is the factor of ten in payload potential between the highest performing com-

posite engine systems and the Very advanced rocket powered systems (for the

"full reusability" ground rules assumed). It should be noted, however, that

the purpose of the Class 0 mission studies was to derive relative performance

standings, so that the absolute payload values shown in Figure 60 are of secon-

dary importance.

Several general observations can be made. The systems grouped on the top

with the highest performance are all characterized by a nominal ScramJet mode

capability (from 8000 to 12,000 feet per second). Further, these leading

engine concepts are also characterized by air liquefaction cycle operation.

In the upper half of the middle grouping are non-ScramJet air liquefaction

systems followed by engines which are non-air liquefaction types, both having

ramjet mode capability. The grouping on the bottom are those engines having

no ramjet mode capability, such as basic IACE (No. 3) and the very advanced

comparison rocket (No. 0).

The mission results of this figure reflect, in each case, takeoff thrust

to weight ratios corresponding to maximum orbital payload as derived by means

of the minimum propellant plus-engines weight fraction as previously described

(Figures 56 and 57).

Flyback and landing penalties as stated previously are also included in

this figure. Mission performance was also calculated without these penalties.

6.5.2.2 Perturbations of the Baseline Model

As already noted, various perturbations in mission parameters

were investigated to determine their significance on the ranking indicated

for the baseline case. These perturbations are itemized in Table XVI. The

single stage (to orbit) case requires a word of explanation; the term "All"

refers to all ScramJet users in addition to those engines shown in Table XVI.

Basically, all Class 0 engines fall into two broad classifications: air-

augmented rockets, and both basic and air-augmented liquid air cycle engines

(LACE). All perturbations to be described below (except liftoff velocity)

_ee Section 4.2.1
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were exercised so that at least one engine out of each of these two broad clas-

sifications was included. Clearly, to exercise all perturbations for all

engines would have been a task disproportionate to the effort allocated to

this phase of the study.

6.5.2.2.1 Effect of ScramJet Velocity Increment

The baseline staging operation was at 8000 ft per second. The

potential of ScramJet mode operation -_as assessed by an additional AV of h000

feet per second to a new staging velocity of 12,000 feet per second. This is

reflected in Figure 61-A for typical engines. Of all the perturbations con-

sidered, it was observed that the ScramJet mode indicates the highest potential

payload gain and this point was reflected in the selection phase. With respect

to ranking, those engines capable of transforming to a Scramjet mode were not

changed in relative position one to another. Therefore, the Scramjet pertur-

bation did not effect a reordering of the baseline engine ordering. Rather

their payload potential was proportionately magnified. The magnitude of this
magnification is of interest. For example, for the Ejector Ramjet (No. 9) and

RamLACE (No. 21), the addition of the ScramJet mode results in orbital payload

increases of 40 to 50 percent. Also to be noted is the expected small contri-

bution to the "worst" engine, the "basic" air-augmented rocket with no ramjet

mode capability (No. 5).

6.5.2.2.2 Effect of Takeoff Mode

As noted in the description of the baseline vehicle (Section

6.5.1.1) a horizontal takeoff (KTO) operation was specified. Structural weight

aspects of the vertical takeoff (VT0) perturbation are described in Section

6.5.1.3.9. The payload ramifications of the VTO vs. HTO argument for the Class

0 phase are presented in Figure 61-B. In each case, VTO results in greater pay-
load than HT0. This difference is due mainly to the lesser structural fraction

for VTO. The important factor to note is that the ratio of payload between the

two takeoff modes is approximately constant and again no effect on the baseline

ranking was noted. These results should emphatically not be interpreted as im-

plying a choice of takeoff mode at this time. These trade-offs were explored
in further detail in the Class 1 analysis where it will be seen that practical

flight mechanics problems can be a major influence in the choice of takeoff mode

for composite engine powered vehicles.

6.5.2.2.3 Effect of Engine Mass Flow Ratio

The effects of engine mass flow ratio (Ws/W w) on the payload

ranking are shown in Figure 62-A for both takeoff modes ana two representative

engines. For the horizontal takeoff case, the high mass flow ratio engine,

although heavier, gives slightly better mission results due to improved engine

performance and lower thrust loading. However, in the case of vertical takeoff
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(VgO), the greater required takeoff engine thrust loadings reverse this effect.

The resulting increased engine weight is not compensated by the improved engine

performance. From the results obtained with these two representative engines,

no significant effects on the baseline ranking were noted.

From the installation standpoint, it was found that the low mass flow

ratio engines were more amendable to the typical installation so that, from a

net viewpoint, a mass flow ratio between the two which were considered (3.0

and 1.5) may be best suited for the application considered here.

6.5.2.2.4 Effect of Engine Installed T/W Ratios

For a number of the leading contenders from the baseline pay-

load ranking, engine installed thrust-to-weight ratio variations were re-

flected in terms of payload to orbit in Figure 62-B. The high thrust-to-weight

ratios shown in the longer of the two bars for each engine represent a mini-

mum weight axisymmetric inlet, and reflect very advanced materials and fabri-

cation techniques for the engines. The lower of the two bars considers a

nearer-term, two-dimensional inlet which has been previously analyzed (Lockheed).

Reference 19). Also, more contemporary materials and fabrication techniques (e.g.

superalloys) were considered in the engine proper. As can be noted, the absolute

effect on payload was indeed significant for this thrust-to-weight ratio "bracket-

ing". For Engine No. 31 (Recycled Supercharged RamlACE) a decrease of engine in-

stalled thrust-to-weight ratio results in a decrease in orbital payload of ll

percent. However, the effect on overall system ranking was such thatthe order

was not changed. Therefore, it was concluded that thrust-to-weight ratio vari--

ation over a wide conceivable range would not affect the selection process direc-

tly from that determined for the baseline conditions.

6.5.2.2.5 Effect of 29 Percent Decrease in Structural Weight

The prospect of advanced material and structures decreasing the

vehicle structural fraction is shown in Figure 63-A which reflects a 29 percent

decrease in the baseline structural fraction. This reduction was estimated by

Lockheed to be approximately the limit of potential structural efficiency gains

from foreseeable materials and fabrication concept advances. Again, a signifi-

cant gain in orbital payload is indicated but the ranking of the engines, itself,

is not fundamentally upset.

6.5.2.2.6 Effect of Liftoff Velocity

Figure 63-B also reflects the effect of liftoff velocity for the

baseline HTO vehicle on orbital payload. A fairly strong effect can be seen as

the takeoff speed is varied about the 350 feet per second baseline (R.O.T.). The

engine shown here is the basic RamLACE powerplant (No. 21), but the same basic

trend is expected generally for all composite engines. The cause of the
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reduction in payload with decreasing takeoff speed is fundamentally an effect

of the increased structural fraction of the first stage as more and more wing

is brought aboard to achieve liftoff at the lower speeds.

6.5.2.2.7 Single Sta_e Mission Performance

The performance of the single stage to orbit vehicle was car-

ried out during the Class 0 studies essentially as a perturbation of the base-

line model as indicated in Figure 64. As is well-known, single stage to orbit

operation is highly sensitive to the vehicle and engine weights achievable. A

vehicle structural fraction of 15 percent is reflected here. Such a value is

associated with a VTO vehicle utilizing advanced materials and structural con-

cepts. However, this baseline can be moved up and down depending on the rela-

tive optimism one wishes to inject. As can be noted, negative payload occurs

for four of the cases observed. Two engines indicate positive payload, coming

significantly ahead of the advanced rocket. The present perturbation was the

only one which somewhat reranked the findings from the baseline model. This

minor reranking was considered in the selection process and was determined

not to basically affect the selection.

The vehicle performance during air-using operation was taken directly

from the baseline two-stage system performance so that the single stage per-

formance presented here represents a horizontal takeoff vehicle- and one pos-

sessing "good" aerodynamic characteristics. ScramJet operation was terminated

at Mach 12, however. For single stage operation, the maximization of the air-

breathing velocity increment becomes more important. Subsequent to the Class 0

study phase, another single stage calculation was made using ScramJet propul-

sion up to orbital speed. This model is presented in Appendix E.

6.5.2.2.8 Cycle Comparison

A significant engine design and overall mission performance

comparison of simultaneous mixing and combustion cycles (SMC) and diffusion

and afterburning cycles (DAB) was conducted in the Class 0 evaluation as re-

ported earlier (Section 6.2.2.1). The mission comparison was performed for

engines that have these two thermodynamic variations of augmented rocket

operation for the initial acceleration mode, with both transforming to subsonic
combustion ramjet operation in the flight velocity regime of 2000 to 3000 ft/sec.

Consistently lower engine low speed specific impulse for the SMC cycles, with

only slight gains in engine thrust/weight ratio relative to the DAB cycles re-

sulted in slightly, but consistently, lower overall mission performance for the

SMC cycles as compared to the _ cycles as shown in Figure 65. The orbital

payload values shown are for the baseline Class 0 two-stage systems. The bar

pairings are for the same basic engine cycle, the difference being SMC or

augmented rocket operation, as called out. This distinct performance superi-

ority of the afterburner cycle (DAB), coupled with a number of significant

advantages relative to engine mechanization and multimode operation had a

fundamental bearing on the Class 1 engines which ultimately were selected.
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6.9.2.2.9 Effect of Fl[back and Landing Requirements

The criterion of operational flexibility is reflected by the

flyback and landing requirement which was included within the baseline. The

perturbation, then, was the removal of the first stage flyback and landing

requirement, that is, a consideration of payload to orbit performance only

with no propellant reserved for flyback. The results are shown in Figure 66.

Note the significant difference between those engines having far. availability

(Nos. ll and 29) for the subsonic loiter and those engines that would have to

operate subsonically on augmented rocket power (Nos. 9 and 21). However, all

engines shown in Figure 66 had ramjet availability for the supersonic cruise-

back. However, a number of engines did not intrinsically have this capability.

Where advantageous to the individual case, a flyback turbojet system was added

in concept. The resulting weight and fuel expenditure was assessed for the

subsonic flyback and loiter operational mode thus added. An example of this

treatment is the Basic LACE Systems (Nos. 5 and 4) and the Ve_T Advanced

Rocket (Engine 0, not shown).

6.5.2.3 Vehicle Inert/Pa[load Weight Ratio (STstem Cost Indication)

A Class i selection criterion involved an approximate check cn

the systems hardware cost aspects of the candidate engines. This did not

include development costs or operational costs which are not within the scope

of the study. The measure of system cost was taken to be the inert system

weight (total dry vehicle) ratioed to the gross payload delivered to orbit,

Figure 67. An implicit assumption here is that the dollar per pound of inert

weight costs do not, in themselves, range widely over the vehicle/englne spec-

trum being examined. This assumption was not, however, explicitly tested. The

result of the cost check was to indicate a favorable systems cost ordering,

more or less directly in llne with the achieved payload ranking. That is,

the highest payload delivery systems were also the most effective from the

systems cost standpoint. In this way, the cost criterion, although necessar-

ily used superficially, was observed in the selection process.

6.5.2.4 Coupling of Specific Impulse and Thrust-to-Weight Ratio

Frequently used to demonstrate the relative position, in the

sphere of propulsion, of various engine types is the Is versus T/W diagram

(usually plotted as a log/log relationship). On such a presentation, rockets

are cited as high thrust-to-weight ratio, low specific impulse devices, and

airbreathing engines are cited as vice versa. Composite engines were natur-

ally expected to have intermediate characteristics (See Sketch A).

The question posed by composite powerplants was whether or not the parti-

cular Is-T/W "coupling" achieved in composite engines might bring it signifi-
cantly ahead in terms of payload gains vis-a-vis rockets and airbreathers.
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As a result of the Class 0 payload ranking exercise, it is possible to

somewhat "quantify" (See Sketch A, in effect,) in an illustrative device as

shown in Figure 68, which is a double-log plot of equivalent effective specific

impulse (I*) versus engine installed thrust/weight ratio. (See the note in

Figure 68 for an analytical definition of I*.)

Selected representative Class 0 engines are included in Figure 68 with

their engine identification numbers called out. Family groupings were clearly

reflected and these are also shown by the several encircled areas. Engines

applicable to an 8000 ft/sec staging velocity only are plotted. A number

of remaining engines are applicable to a higher velocity range via their super-

sonic combustion ramjet mode capability.

Although the very advanced rocket (Engine O) is shown (at the far right

on the thrust/weight scale), there are no pure airbreathing engine entries,

a consequence of the scope of this phase of the study, as previously defined.

An attempt at "equi-orbital payload" lines is also shown in the band type

dotted curves passing through the areas where the engines cluster. These trend

lines are estimates only, taken from the basic Class 0 payload ranking developed

earlier. These may be interpreted as local slopes along which a more or less

even trade-off (in terms of payload) occurs between increased performance and

decreased weight, or vice versa. Because of their estimated nature, these

payload trade-off lines should not be used for any but _emonstration purposes.

6.5.2.5 P a[load Comparison versus De_ree of Recoverability

As a function of increasing degrees of recoverability, a typical

leading composite engine type (the recycled ScramLACE, No. 24) is ranked with

the very advanced rocket in terms of orbital payload delivered for 1.O million

pound takeoff gross weight in Figure 69. As reflected above, the considerable

payload advantage (2:1) of the composite engine over the advanced rocket with

minimum vehicle recovery provisions (that is, parachute recovery of both stages

at water impact) is very predominantly augmented as more sophisticated recovery

is required of the vehicle system. For full recovery, where both stages are

landed horizontally and there is a significant flyback and landing requirement

for the first stage, the composite engine completely dominates (lO:l) the very

advanced rocket performance availability. It should be noted here that these

results are preliminary and the further studies in Class 1 and Class 2 brought

them into more sharp focus, moderating somewhat these relative standings.

One explanation for the decrease in the payload ratio with decreasing

recoverability is that the vehicles employing ramjet propulsion (the leading

concepts) tend to be lifting types in order to provide near-equilibrium normal

flight during airbreathing operation. These vehicles normally produce pres-

sure-field effects beneficial to the propulsion system. Such a system is by

nature less amenable to reductions in vehicle inert weight reduction via a
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minimization of recoverability route than is, say, the pure rocket powered

vertically launched, near zero-lift vehicle.

6.6 Selection of Class 1 Systems

The Class 1 study phase is the second of three basic phases of the Com-

posite Engine Program. The more attractive engines, Judged by criteria to be

described, are to be carried forward from the Class 0 en&__ne studies (36 en-

glnes). The Class 1 effort will penetrate into significantly greater design

and analysis depth and will emphasize parametric treatment of both the selected

engines and the engine vehicle integration problem. (Class 0 studies used an

"end-point bracketing" technique.)

70.

6.6.1 Approach

The approach for Class 1 engine selection is illustrated in Figure

The selection involves two discrete steps as shown below:

i. Payload ranking of all Class 0 engines with a baseline model, and

perturbations about the baseline to check the ranking effects

(described in the previous section)

2. Application of selection criteria to effect selection of Class 1

systems (to be described)

The results are described below.

6.6.2 Class 0/1 Selection Criteria

The following are the criteria which were brought into play in mak-

ing the selection of the Class 1 systems to be carried forward in the study:

i.

2.

3.

Payload delivered to orbit (Primary)

Operational flexibility

Technology re quirement

Vehicle/engine hardware cost

(Secondary)

The procedure which was followed was one of tempering the payload to orbit

ranking described previously (Figure 60) with the secondary criteria listed

above. The broad results of this procedure were as follows:

io Criterion No. 2 (operational flexibility) was already reflected in

the payload ranking by virtue of the 300 n. mile flyback and

minute subsonic loiter previously described. (Here non-flyback/landing

- 173 -
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was the perturbation.) Hence, the criterion was somewhat implicit.

As pointed out, removal of this flyback and landing requirement did

not upset the ranking of candidate engines (Figure 66).

2e Criterion No. 3 (technology requirement) served to inject the effect

of technical risk/development difficulty into the selection picture.

The overall effect of this procedure was to carz-j into Class 1 engine

types which were characterized by a "nearer term" technology base

requirement, than those engine types which yielded the best payload

performance, while requiring a longer term technology base. The de-

tails of this procedure will be reflected below.

1 Criterion No. 4 (vehicle/engine hard_are cost) was more of an early

check in the direction of cost implications than anything else. This

check was, however, quite positive in its outcome. That is, the en-

gine payload ranking presented (Figure 67) was essentially maintained

in terms of total vehicle inert-to-payload ratio. This quantity is

a reasonable indicator of comparative overall system hardware cost

only (not development or operating costs). The results were shown

in Figure 67 which presents -- in the identical engine listing order

as given in t.he original payload ranking (Figure 60) -- the inert/

payload weight ratios. The indication, then, is that the best per-

forming engines will be as good as or better than the lower performance

systems. The assumption here is, of course, that the dollar per pound

inert vehicle weight factor will be reasonably constant over the range

of engine (and vehicle) types which were surveyed.

6.6.3 Results

::.:"6;6.3.1 Afterburnin@ versus Simultaneous Mixing-Burnin6

A discussion has been given earlier to the point that, in terms

of payload performance, afterburning cycle variants of basic (simultaneous

mixing-burning) augmented rocket operation are always superior. This well-

substantiated observation provides a means of culling the 36 Class 0 engiras

toward the Class i selection (See Figure 34).

Further, a number of very practical advantages accompany the afterbur_ing

cycle. These are summarized below:

6.6.3.2 Comparison of Afterburning and Simultaneous Mixing-Burnin_

The points which favor the afterburning cycle are as follows:

1. Payload and engine performance always superior

2. More amenable to Scramjet mode (Higher contraction ratio geometry)
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3. Decouples takeoff and ramjet design points*

2. Better heat exchanger and fan packaging

5. Much greater confidence in analysis

6. Avoids negative augmentation problems

7. Probably better adapted to rocket mode transition

* As an amplification of Item 3 above, with reference to Figure 31, in the

afterburning systems, the mixer area (A3) can, within limits, be independently

specified. This is in respect to ramjet combustor area (A4). In simultaneous

mixing and combustion systems, the mixer and combustor areas are nominally the
same (See Section 6.2.2.1).

The points which favor simultaneous mixing-burning cycles are as follows:

1. Slightly shorter uninstalled engine length (High thrust engines)

2. A larger diameter fan can be installed

On this basis, .16 of the 36 Class 0 engines were eliminated, namely, Engines

5, 6, 7, 8, 13, 14, i_, 16, 17, !_, 19, 20, 2_, 26, 27, and 28. (For engine

identification purposes, reference should be made to Figure 27.)

6.6.4 Technolo6yRequirements (Criterion No. 3)

A family grouping possibility is apparent in the Class 0 engine

roster, e.g., those engines employing air liquefaction versus non-liquefaction

systems. Also, for each family, such as the RsmLACE group (No. 21, etc.), a

series of perturbations is apparent, e.g., Scramjet mode extension, fan, and

subcooled hydrogen. All of these variations carry technology implicat_ns.

In simplest terms, the following tabulation of examples illustrate this pos-

sibility:

Comparison
Case

A

B

C

Technology Dependency

(Number and Relative Maturity of Support Areas)

Nearer Term Farther Term

Eng. No. 9, ERJ

Eng. No. 9, ERJ

Eng. No. 23, Fan-RamLACE

Eng. No. 21, RamLACE

Eng. No. ll, Fan-ERJ

Eng. No. 24, Fan-Scram-LACE
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Briefly, the technology requirement criterion markedly affected the

Class 1 selection by carrying forward engines which did not reflect the best

payload potential, but at the same tir_e did not require, in anyway, "far

term" supporting technology. Stated differently, for the Class 1 engines, a

progressive continuum of interlinked performance potential and technology re-

quirement (risk/cost/time) was desired. The danger of narrowing the study

down at this point to an ultimate payload/maximum risk concept is all too

obvious. The net outcome of the above logic is reflected in the actual Class
1 selection results next to be described.

6.6.5 Selected Class i En@nes

Figures 71 and 72 present the results of the selection process,

with the family grouping implications cited. The selected engines have the

following characteristics:

1. All are characterized by the afterburning cycle air augmented rocket

initial acceleration mode.

1 They reflect both non-air liquefaction and air liquefaction concepts

(Ejector Ramjet, No. 9, and RamLACE No. 21, respectively, as "parent

engines").

3. They include the variations afforded by

a. Scramjet mode

b. Fan subsystem

c. Recycled (subcooled) hydrogen operation

By engine identification numbers, the 12 engines which were selected for

the Class i study are Nos. 9, 10, Ii, 12, 21, 22, 23, 24, 29, 30, 3!, and 32.

This engine selection strongly reflects the leading performers in payload

capability (Criterion No. l) as reflected in the original ranking (Figure 60)

which, as discussed above, includes the effect of the operational flexibility

(Criterion No. 2). The technology requirement (Criterion No. 3) is reflected

in the selected engines in basically two ways as follows:

I. Selection of both air liquefaction and non-liquefaction based engines

2. Inclusion of the ScramJet, fan, and recycled hydrogen variants repre-

senting steps of increasing technology requirements (and pay-off)

The vehicle/engine cost implications, Criterion No. 4 (a check only),

were covered earlier.

The value of maintaining the Scramjet, fan, and recycled hydrogen varia-

tions is tendered as a means of providing the basic engines with performance
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growth potential and a means of accommodating a wide range of mission require-
ments as follows:

ScramJet - Significantly increases payload performance possibly making

single stage operation feasible; hypersonic cruising mission

potential for non-launch vehicles

Fan - Provides extremely high performance for end of mission loiter

and landing requirements which may result from routine vehicle

operational use; may permit nonaerodynamic landing of wingless
vehicles

Subcooling - Yields a striking increase in low speed specific impulse pri-

marily at the expense of increased ground servicing require-
ments

6.7 Conclusions

The Class 0 systems phase, reported in this section, and supported by the

Class 0 Fact Sheets (Volumes 4 and 5), advanced the study from its initiation

to a point where 12 leading engine concepts had been systematically selected.

These engine concepts were now ready for processlng in the Class 1 phase of

the program. In the process, much information was generated relating to com-

posite propulsion systems, whereas at the same time significant experience was

developed in simplified launch mission comparison analysis. A number of signi-

ficant conclusions arising from the Class 0 phase are summarized below, divided

into engine and mission related items:

6.7.1 Engine Related Conclusions

le In the identification of candidate composite propulsion systems, the

synthesis by modes technique was shown to be a valuable approach.

Subsequent synthesis by subsystems proved to be a useful check.

. No new composite engine concept, not previously identified (Item 1

above) was acquired via the several comprehensive literature surveys

made in this study phase.

.

4e

Although no new basic engine concepts stemmed from invention within

the study, several unique combinations of various subsystems/operating

modes were synthesized, e.g., Recycled Supercharged ScramLACE (No. 32).

Of the 36 Class 0 candidate systems, 22% required all eight subsystem

groups (See Figure 4); 38_ required fan subsystems; and 54_ required

air liquefaction heat exchangers.
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Two fundamental categories of composite propulsion systems were found,

namely, systems which utilized a ramjet mode, and systems which did

not utilize a ramjet mode. Generally, the candidate systems can be

characterized as multimode devices.

Previously held views leading to the conclusion that basic augmented

rocket systems (simultaneous mixing and combustion (SMC) cycle) are

necessarily lighter and more compact than equivalent afterburner cycle

(diffusion and afterburnlng (DAB) engines) have been disproven. For

engines of 50,000 lbf thrust and larger, it has been found that the

mixer/combustor section of the SMC engine is effectively as large as

the (much shorter) afterburner of a DAB engine. Although there may

be a slight unlnstalled length advantage for the SMC engine, the inlet

plus engine lengths are essentially the same. Engine thrust/weight

ratios essentially follow the same pattern .........

Simplified mission analysis techniques, conducted with the Path

Follower Program (Section 6.5.1.3) have demonstrated outstanding

utility. "Calibration" with the results of a more sophisticated com-

puter run (of the same problem) is an important step to observe,

however.

Of the 36 candidate composite systems, and the vehicle/misslon model

assumed, roughly an order of magnitude difference in orbital payload

capability was indicated for the "best" to the "worst" systems.

6.7.2 Mission Related Conclusions

.

lO.

ll.

12.

Rocket-orlented composite systems, which may prove attractive for

expendable or minimum recovery vehicle applications, are not competitive

with systems capable of ramjet mode operation as associated with full

recovery.

Afterburnlng cycle (DAB) alr-augmented rocket initial mode engines

consistently yielded payload performance which was superior to that

of their "basic augmentation" counterparts. Further, a large number

of practical engineering advantages accompany the afterburning cycle

versions.

The related payload ranking of candidate systems on the baseline vehicle/

mission model was essentially unchanged by a large number of perturba-

tions such as engine, installed thrust/welght variations, vehicle struc-

tural fraction variation, take-off mode, etc.

For afterburning cycle based systems (Class 1 systems), a secondary air-

to-primary rocket exhaust mass flow ratio (Ws/W p) between the extremes

evaluated (1.5 to 3.0) appears to yield maximum payload performance.

- 181-
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7.0 CLASS I SYSTEMS PHASE

7.1 General Considerations

As already defined (Section 6.6) 12 Class ! phase propulsion systems

were selected. These comprised the more attractive of the original candi-

date composite systems. Observance of both a "near-term" and a "potential'i

aspect for the Class i systems was demonstrated fundamentally in the two

parent engine groupings which were picked_ namely,

!. Ejector ramjet cycle based variations -- non air-liquefaction based

2. Ram[ACE cycle based variations -- air liquefaction based

Four and 8 Class i engine concepts stemmed from Items ! and 2, respectively,

including both Scra_jet and non-Scramjet mode variants.

The Class ! phase study had as its basic objectives (i) the further

analysis of the selected powerplant concepts, heretofore taken only to a
"Fact Sheet" level of determination, and (2) a payload performance signifi-

cance determination for a specified orbital launch mission (reusable two-

stage vehicle). The latter objective was achieved by Lockheed's vehicle/

engine integration efforts leading to the required payload evaluation re-

sults.

The specific Class i study phase objectives, scope, and approaches are

briefly described in the three subsections which follow.

7.1.1 ObO ective

The overall objective was to establish quantitative orbital pay-

load ranking for the 12 Class 1 propulsion systems. The results of this

ranking, tempered with secondary criteria, were utilized to accomplish selec-

tion of a lesser number of systems (Class 2) to be examined in the final

phase of the study program.

This Class 1 phase provides, as a major feature, a significantly in-

creased level of technical penetration in both the propulsion and vehicle/

mission areas. The development and documentation of the required technical

information to achieve the sought for performance determination is a major

output of this study phase. This result is reported in this section (Section

7.0), in Appendix E, and in Volume 6.

7.1.2 scope

The Class i study phase had within its scope the establishment of

engine and vehicle design and performance results in consonance with the study

guideline (Section 3.1). Specifically, 12 composite engine concepts,

_ l_ _
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selected from the original candidates, were examined in significantly further

propulsion detail. Vehicle design and integration tasks, using the propulsion

inputs, were necessary to effect the primary objective of this phase of the

study, namely_ comparative orbital payload ranking.

Following a number of vehicle perturbation studies, the vehicle approach

was reduced to one configuration. This was a two-stage lifting body con-

figuration capable of horizontal takeoff and landing (both stages).

In accordance with the study ground rules, single stage to orbit approaches

were also examined. For a number of reasons, the single stage cases (two dis-

tinct vehicle types were examined) were not directly helpful in the payload

ranking objective. Hence, these study results, although they were performed

in the Class 1 study phase, are reported in Appendix E, as noted previously.

Finally_ two non-composite systems -- an advanced rocket and a turbo-

machine-based airbreather -- were evaluated along with the composite engine

series. This was done to establish comparison "yardsticks" with familiar

propulsion systems, to better judge the effectivity of the composite systems.

Relative to this, the following comments are in order for each of these:

7.1.2.1 Advanced Rocket

This system was previously described in Section 5.2.1.2.2. The

Class 1 mission usage of the engine Class 1 did not reflect the full payload

ootential of the engine as will be described. Subsequent Class 2 efforts did_

however, accomplish a fully developed case for the rocket. Therefore, the

Class 1 results presented here should be viewed as interim, exploratory find-

ings with regard to the advanced rocket powered first stage system.

7.1.2.2 Turbomachine-Based Airbreather

This class of systems was represented by an advanced hydrogen-

fueled turboramjet concept. Engine characteristics available to Lockheed

were utilized to establish a comparative payload performance index. The

Class 1 results were generally checked by the subsequent deepened Class 2

effort. Engine data per se are not published herein, since this is outside

the scope of the program, and also for proprietary data protection reasons.

7.1.3

The approach used in achieving the objectives outlined within the

stated scope entailed cooperative propulsion and vehlcle/mission study efforts.

Marquardt and Rocketdyne accomplished the former, Lockheed, the latter.

Composite engine efforts were divided into cycle performance evaluation

followed by engine design and weight studies. The primary rocket sybsystems

included in all of the engines - were emphasized. The propulsion data which
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were developed are covered in this present section of the main technical re-

port, and they are further documented in the Class I Engine Information Report

(Volume6).

Vehicle studies were initially undertaken to evaluate competitive con-

figurations to single out the more favorable approaches for composite pro-

pulsion systems. Detailed aerodynamic, structural, and weight studies were

required for the first stage vehicle and for the integrated two-stage vehicle.

The second stage, rocket powered lifting body system was, however, basiqa!ly

adapted from an earlier NASA study (Reference i) on second stage designs for

the Reuseable Orbital Transport (NAS 8-11463, General Dynamics/Convair). The

second stage was scaled in size depending on the relative performance of the

first stage engine and on staging speeds, for which computerized scaling

equations from the cited study were used to establish gross orbital Fay!cad.

For the mission profile chosen which featured a return to base of origin

of both stages, a payload value was determined for each of the 12 composiLe

systems, and the 2 comparison cases (rocket , turbomachine). The selected

system cost indicator (dry system/payload weight ratio) was also quantified

for each.

Based on the selection evaluation criteria (Section 4.2), a selection of

the Class 2 composite systems was made. These systems plus the two compari-

son engines were then taken into the final phase of the study.

7.2 Engine Performance

7.2. i Methodology

7.2.1.1 General Considerations

The 12 selected Class 1 engines fall generally into a single

category of diffusion and afterburning cycle air augmented rocket/ramjet

propulsion systems. A further breakdown yielded 4 engines which use stored

oxygen as the primary rocket oxidizer and 8 air liquefaction engines which

use liquified air from an added heat exchanger component as the primary

oxidizer (See introductory description in Volume 6).

The basic engine of the 4 non-liquefaction propulsion systems is the

Ejector Ramjet (Engine No. 9) with the three remaining engines deriving from
the addition of either, or both, (1) a low pressure ratio fan and (2) super-

sonic combustion ramjet mode capability.

RamLACE (Engine No. 21) is the basic or parent engine of the air Lique-

faction group. The other 7 engines derive from use of one or more of the

following options: (i) low pressure ratio fan, (2) recycle heat exchanger
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operation, and (3) the supersonic combustion ramjet mode. The basic engines

in the two groups (i.e., Engines Nos. 9 and 21) have similar ejector mode

sizing characteristics and performance trends but significantly different

performance levels.

The mission evaluation studies conducted by Lockheed for Class 1 (Sec-

tion 7.6) considered both vehicles with a nominal Mach 8 maximum air breathing

boost and those utilizing the Scramjet mode from Mach E to 8 up to Mach 12

or greater. It was mutually agreed that, for the former, the available Mach

0 to 3.0 ejector mode performance data (Ejector Ramjet and RamLACE) taken

from the Class 0 Fact Sheets and from Marquardt/Air Force studies were

adequate. The one exception was the requirement for a more extensive

performance map in terms of altitude and flight speed for the low secondary/

primary flow ratio RamLACE (Engine No. 21-1). The information was required

to allow maximization of the flight trajectory for this engine. Computation

of these data completed the initial engine performance information used for

mission evaluation of non-Scramjet mode Class 1 engines.

The general sizing approach used for the Class 1 phase was to compute

parametric sizing data for the basic ejector mode of the Ejector Ramjet and

RamLACE engine families in order to achieve selection base for the Class 1

engines with supersonic combustion ramjet mode operation. The engine areas

thereby selected 'for Ejector Scramjet (Engine No. lO) and ScramLACE (Engine

No. 22) were then nominally held fixed as a base for specifying the remaining

Class 1 engines. Mass flow ratios (Ws/Wp) for the engines varied with the
individual cycles.

The Ejector Ramjet and RamLACE engines have considerable flexibility in

terms of engine shape or configuration and in terms of a wide range of the

_atio cf sea level static to ramjet or ScramJet thrust levels. This flexi-

bility conversely poses some difficulty in selecting a particular engine de-

sign for application studies. The basic low speed cycles require as much

secondarj air as possible in the low flight speed regime (within reasonable

limits) for maxLmum initial augmentation. This is illustrated by Figure 73

which shows the effect of secondary-to-primary flow ratio (Ws/Wp) on specific

impulse in the Mach 0 to 3.0 regime.

An engine designed for a given value of Ws/Wo at sea level static will

have a variation in Ws/W p with flight speed and will typically increase in

Ws/Wp. The performance &dvantage for an initial design of Ws/Wp = 1.5 in-
creasing to 3.0 over a 1.O design increasing to 2.0 can be seen in Figure 73.

However, the vehicle sea level static thrust, ramjet, or ScramJet thrust,

maximum inlet c_l size, or maximum engine installation volume may not be

compatible with a high Ws/W p design. Hence, there needs to be considerable
interaction in terms of propulsion system potential and accompanying vehicle

requirements and constraints in order to select an Ejector Ramjet or RamLACE
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engine for a vehicle application to yield maximum overall performance. It

should be noted that the inherent design flexibility of the Ejector Ramjet

and RamI_CE cycles does not force the vehicle to accept a fixed size engine

or configuration for whatever vehicle integration or installation can be

accomplished.

7.2.1.2 Scram_et Mode Considerations

Scramjet powered vehicles have certain engine requirements which

must be observed to provide adecuate Scramjet mode performance. These re-

quirements typically predominate the physical geometry of composite engines.

Generally, more than adequate subsonic combustion rmzjet thrust is inherent

in a given Scramjet design. This is due to the low thrust coefficients in the

Mach 6 to 12 Scramjet flight regime, which requires an increased inlet cowl size.

size. This, in turn, provides ample thrust in the Mach 2 to 6 subsonic com-

bustion raw,jet regime (high thrust coefficient).

The integrated initial boost engine of a composite propulsion system,

therefore, may or may not be compatible with these Scramjet requirements.

As will be further noted, an important Scramjet performance variabTe is the

inlet cowl-to-combustor area contraction ratio. Scramjet performance is a

direct function of the overall contraction ratio as this determines the local

internal engine Mach number at which the supersonic combustion will take place.

The lower the supersonic Mach number for combustion (high contraction ratio),

the lower is the heat addition pressure loss, and the better the engine per-

formance. For the composite engines with a Scramjet mode, the supersonic

combustion is accomplished in the mixer (minimum engine area) to obtain the

best inlet-to-combustor contraction ratio and performance. The option of

using the variable inlet throat as a burning area to achieve a smaller area

was not examined.

A high geometric contraction ratio, however, means a small mixer for

Ejector Scramjet or ScramLACE engines and a low design Ws/W p with minimum

augmentation benefits in the low flight speed regime. After detailed dis-
cussions with Lockheed, and based on initial Ejector ScramJet engine/

vehicle layouts, a total inlet cowl area of 320 sq ft was selected for the

1.O million pound vehicle. A geometric inlet/mixer contraction ratio of

2.0 was selected as a reasonable compromise between Scramjet requirements

and ejector mode performance.

Trajectory maximization studies conducted by Lockheed specified a

vehicle initial thrust loading of 1.25 or five 250,000 pound thrust engines.

On this basis, each engine would have 64 sq ft of inlet cowl and a mixer

flow area of 32 sq ft. An afterburner flow area equal to the inlet cowl

area was selected for reasonable engine/vehicle geometric integration pro-

viding an afterburner/mixer diffusion ratio (A4/A3) of 2.0. Engine sizing

computations were then made using the parametric performance program de-
scribed in Section 6.2. The initial parametric performance results were

used to help select the above engine requirements.
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7.2.1.3 Engine Performance Computation Bases

Engine performance data for all operating modes of the Class l

engines except Scramjet were computed using the fixed geometry IBM 7040 program

discussed in Section 6.2. Scramjet performance data were obtained from Ref-

erence 20. Inasmuch as the engine performance data were intended for future

study, certain differences ex-st between the general engine data and those

specifically used by Lockheed. These differences derive principally from the

specification of maximum inlet cowl size. A representative inlet cowl area
was selected for the Mach 8 and Mach 12 Class I engines as specified in the

Engine Class i Information Book (Volume 6). Since ramjet and ScramOet thrusts

are directly proportional to the inlet cowl or capture area, the thrust for

these modes can be scaled directly if a different maximum cowl size is indi-

cated.

For the ejector modes of Class 1 engines (composite engines in general),

the engine specified free stream capture area is typically less than %hat avail-
able from the inlet. The capture area schedule is therefore indicated (Volume

6) for each engine. Depending on the particular engine, the ejector mode

capture area requirement intersects the inlet limit in the Mach 2.5 to 3.0

speed regime, well past the normal cutoff point for ejector operation. In

order to provide general performance, no limit was imposed on the ejector mode

computations. This provides data for any size of selected inlet with the

applicable upper speed limit of ejector mode data being determined by the

respective match of inlet and engine capture areas.

Consistent component efficiencies were assumed for all three classes of

composite engines. These efficiencies were as follows:

Primary rocket combustion, _c* = 0.975

Primary rocket nozzle, _n = 0.98

Static pressure rise mixing, _m = 0.80

Afterburner combustion, _c = 0.99

Engine exit nozzle, _n = 0.98

The off-design performance effects of the efficiencies and other com-

ponent variables were determined in the Class 2 sensitivity studies, and they

are presented in the Class 2 Engine Information Book (Volume 7). The other

engine or component parameters for Class 1 engines are specified in Volume 6.
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7.2.2 Results

7.2.2.1 Ejector Ramjet Parametric Analysis

The sea level static thrust per unit mixer flow area at primary

chamber pressures of 100% 2000, and 3000 psia as a function of Ws/W_ is pre-

sented in Figure 74. The parametric data are for an A4/A 3 of 2.0 bu[ this
variable has an insignificant effect on thrust/mlxer area, and only a slight

effect on specific impulse as will be shown in later figures. Figure 79 pre-

sents the corresponding chamber pressure and Ws/W p effects on sea level static
specific impulse. As can be seen, 3000 psia chamber pressure provides the

highest thrust/mixer area allowing the selection of the highest Ws/W o and the

highest specific impulse. However, Rocketdyne information (Section 7.3) pre-

dicted a film cooling requirement for chamber pressures above 2000 psia. Excess

primary fuel can cause simultaneous mixing and combustion with attendant sharp

reductions in sea level static specific impulse and thrust/mixer area. This

possibility is addressed below.

For a reference condition of sea level static operation, the effect of

rocket film or transpiration cooling on overall cycle performance is reflected

in Figure 76. Specific impulse and thrust per unit mixer area (parameters

shown previously) are shown as a function of increased film cooling require-

ments of the primary rockets. For this calculation, the "worst case" as-

sumption was made that the film cooling hydrogen burns solely with the air

in the mixer, thereby violating the principal dictate of the afterburning

cycle, i.e., no burning during mixing. (Far less serious consequences re-

sult when it is assumed that the excess fuel combines with excess oxygen in

the primary combustion stream.)

As the percentage of free hydrogen increases relative to the primary flow

rate, a point is reached where all of the oxygen in the air is combined

(induced air stoichiometric). Serious deficiencies occur in specific impulse,

and mixer sizing is dramatically increased for a given thrust. The point

where full combustion occurs during mixing is tantamount to the inferior

simultaneous mixing and combustion cycle_ as opposed to the intended after-

burning cycle of the Class 1 engines. Since a small amount of primary rocket

film cooling fuel combustion in the mixer can cancel out the specific im-

pulse and mixer size advantages for 3000 psia chamber pressure, the 2000 psia

chamber pressure was selected for the Class 1 Ejector Scramjet engine design

point, as well as the remaining three derivative engines, viz., Nos. 9, ll, and ]2.

The mixer flow area required for a sea level static thrust of 250,000

pounds is presented in Figure 77 as a function of A4/A 3 and Ws/W o for 2000
psia chamber pressure. Specific impulse trends are presented in-Figure 78.

The minor effect of afterburner/mixer diffusion ratio (A4/As) on the mixer

area and the slightly greater effect on specific impulse is-shown in the

figures. The lack of specific impulse gain in Figure 78 at a diffusion ratio
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of 1._ reflects the decrease in jet compression with increasing Ws/W p and the
inadequate increase in static pressure by diffusion, prior to heat addition
in the afterburner.

Figure 77 indicates that the required 32 sq ft mixer area could be achieved

with 2000 psia chamber pressure at a Ws/Wp of about 1.40. Fixed geometry pro-
gram sizing checks at the sea level static design point, however_ showed that

Ws/W p of 1.50 could be obtained with the 32 sq fta mixer by increasing the

mixer exit Mach number from 0.90 (of Figure 77) to about 0.96 (the cycle limit

is 1.O). Maximum engine performance is achieved with a sonic mixer exit Mach

number but the present programmed fixed geometry engine performance computation

techniques require running only near-sonic for minimum program difficulty.

The "performance losses" are 1 to 2 percent and well within the potential vari-

ations of the combustion_ mixing, and nozzle efficiencies being used. The

Ws/W p of 1._ selected for the Class 1 Ejector Scram_et is the same as that for

the original lO-1 Class 0 engine, but it was achieved in a smaller mixer cross

section with a significant increase in specific impulse through the use of

higher primary chamber pressure.

7.2.2.2 RamLACE Parametric Analysis

The selection of a primary chamber pressure for a ScramLACE

engine design was done as a result of dictates in addition to that of minimum

mixer flow area for a given thrust level design. Also, the favorable effect

of primary chamber pressure is diminished in RamLACE relative to Ejector Ramjet

due to the lower energy level of the hydrogen-air primary propellants. At a

Ws/Wp of 1.5_ for example, an increase in chamber pressure from lO00 to 3000
psia for the Ejector Ramjet reduces the mixer flow area by 26 percent. The

corresponding reduction for RamLACE is only 12 percent. The other signifi-

cant qualifying effects in RamLACE chamber pressure selection are the pressure

level and pump work effects on air liquefaction subsystem equivalence ratio

and the associated heat exchanger size and weight trends. Figure 79 presents

the parametric sea level static specific impulse variation for a Ws/W p = 1._
RamLACE design as a function of primary chamber pressure and heat exchanger

equivalence ratio. The minor mixer area or thrust gains for RamLACE with in-

creasing chamber pressure are reflected in the minor specific impulse gains

with pressure.

Spotted on the chamber pressure lines are the achievable air liquefaction

equivalence ratios with no recycle. The significant reduction in available

hydrogen enthalpy for liquefaction with increasing pressure is indicated.

Figure 79 actually shows an increase in achievable RamLACE specific impulse

with decreasing chamber pressure due to trade-off of pressure effects on per-

formance and available air liquefaction equivalence ratio. Reduced chamber

pressure, however, means an increased mixer area (countering the trend desired

for Scramjet operation) and a reduced heat exchanger size and weight as illus-

trated by Figure 80. (Supporting heat exchanger analysis results are pre-

sented in a following section).
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Heat exchanger face or frontal areas are dictated by the precocler which

is always larger than the condenser. The trend of Figure 80 is also indic-

ative of face area changes with equivalence ratio. For a Ws/W _ = 1.5 RamIACE

design, the precooler face area requirement at an equivalence 9atio of 8 is

about twice the mixer flow area. Further increases in precooler face area

for small increases in specific impulse from reduced chamber pressure do not_

therefore, appear attractive. Based on the above considerations, a chamber

pressure of 1000 psia with an equivalence ratio of 8 for the non-recycle

ScramLACE design was selected for the engine design point. Parametric engine

sizing information was computed on this basis and is presented in Figures 81
and 82.

Figure 81 presents the RamLACE thrust/mixer flow area ratio as a function

of afterburner/mixer diffusion ratio (A4/A 3) and Ws/W p. Corresponding spe-

cific impulse trends are shown in Figure 82. Again, changes in A4/A } have a
minor effect on thrust/mixer area and specific impulse. However, computer

runs stipulating an Ah/A 5 of less than 2.0 would not run at Ws/W n from i.0

to 3.0 due to thermal choking of the afterburner. An A4/A 3 of 2_0 would not

run above Ws/W p of 1.9 for the same reason. Hence, even though A4/A 5 has a
small effect on sea level static sizing and performance, there are minimum

requirements which must be observed for cycle reasons.

Figure 83 presents the required mixer flow areas for a sea level

static thrust of 250,000 pounds as a function of Ah/A 3 and WsW o. As Scram-

LACE vehicle layouts by Lockheed were still in progress, at thls point, the

available inlet cowl area per engine and the desired Scramjet contraction

ratio had not been determined. In order to have a base point so that engine

design and vehicle layout and performance studies could progress simultaneously,

the mixer flow area per engine (250,000 pounds thrust) of 32 sq ft was also

selected for ScramLACE. This yielded a sea level static design Ws/W p of about

1.5 per Figure 83. The Ws/W p level of 1.5 was also a reasonable lower limit
for attractive augmentation benefits. Per mutual agreement with Lockheed, the

32 sq ft mixer area (per 250,000 pound sea level static thrust) was held as

a nominal base area and the vehicle inlet cowl size was varied to provide

the desired ScramJet contraction ratio. Subsequent vehicle performance studies

indicated best performance with a contraction ratio of 3.0 or an inlet cowl

area of 96 sq ft per 290,000 pound thrust engine.

Fixed geometry program sizing checks for the ScramLACE design specified

a mixer area of 33.47 sq ft with an afterburner area of 70 sq ft (A4/A 3 = 2.1)

to provide 250,000 pounds of sea level static thrust with a Ws/W p of 1.5.
These values were utilized for the final design. The Supercharged versions of

the Ejector Ramjet and RamLACE and the recycled version of RamLACE were all

held in this general mixer and afterburner area range as noted in the design

parameter sections of the Class 1Engine Information Book (Volume 6).
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The recycled RamLACE and ScramLACE systems had a sea level static design

Ws/W p of 1.49 due to slight performance differences from the non-recycled Ram-
LACE performance. Supercharged engines show an increase in Ws/W p due to the

thrust contribution of the fan which lowers the required primary-flow rate. A

Ws/W O of 1.90 was obtained for the Supercharged Ejector RamJet/ScramJet and
2.00-for all supercharged RamLACE engines.

7.2.2.3 RamLACE Heat Exchanger Analysis

An extension of the work done for augmenter LACE liquefaction

systems utilizing subcooled (slush) hydrogen was conducted by Rocketdyue.
This work was similar to that discussed previously in Section 6-2 except that

equilibrium hydrogen rather than parahydrogen was used in the analysis. An

investigation of the effect of the hydrogen recycle flow rate on heat ex-

changer size and weight was made. This work was also used to compare results

with some earlier Marquardt data and thereby substantiate the heat exchanger

design, performance, and weight used as a base for the RamLACE engine designs.

The heat exchanger system and nominal design point analyzed are shown in

Figure 82. Design point and off-design calculations were performed. It was

assumed that the slush hydrogen was tanked as parahydrogen and was catalyt-

ically converted to the equilibrium mixture of parahydrogen and orthohydrogen as

it passed through the heat exchanger circuit. The equilibrium ccncentration

of hydrogen is shown in Figure 89. This thermodynamic transformation is endo-
thermic and the heat absorbed is a function of temperature as shown in Figure

86.

The tube matrices used for the precooler and condenser are shown in

Figure 87. A finned tube matrix was chosen for the precooler since the high
air-side resistance to heat transfer made it desirable to have as large an

area for heat transfer as possible. Equations (9) and (lO) were used for the

precooler air-side heat transfer coefficient and friction factor, respectively.

N% -- 0.0082(ReD)0"93 (Pr)I/3 (9)

f = 0.0228 (ReD)-O'0332 (lO)
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Equations (7) and (8), given previously (Section 6.2.2.2.3), were used

for the precooler and condenser hydrogen-side heat transfer coefficient and

friction faotor_ respectively.

NuD = 0.024 (RED)0"8 (pr) 0"4 (Tb/Tw)0"55 (7)

f = 0.0462 (Re D)-0.2 (8)

The condenser air-side heat transfer coefficient and friction factor are

given in previous Figure 38 and Equation (l1), respectively.

f = 0.0165 (aeD)'O'122 (ii)

Since the precooler was considerably larger than the condenser, the pri-
mary interest was in the precooler size. Condenser equivalence ratios of 6,

7, and 8 were investigated. The equivalence ratio (_) is defined as the

actual fuel-air ratio/stoichiometric fuel-air ratio. The air inlet conditions

for all design point cases were as follows:

Inlet pressure = 14.696 psia

Inlet temperature = 520°R

Flow rate = 100 pps

Precooler pressure drop = 5.2 psia

Condenser pressure drop = 1.5 psia

The hydrogen conditions used for the condenser equivalence ratios of 7
and 8 were as follows:
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Pump inlet pressure = 19 psia

Pump inlet temperature = 36 °R

Pump discharge pressure = 1500 psla

Pump exit temperature = 42.4°R

Pump efficiency =

Precooler pressure drop = 50 psia

Condenser pressure drop = 50 psia

The pump discharge pressure of 1500 psia was found to be thermodynamically

impossible for the condenser equivalence ratio of 6 due to the pinch A T effect.

The discharge pressure was therefore, reduced to 600 psia, to obtain data at

the equivalence ratio of 6. Since the air-side convective heat transfer co-

efficient is the controlling factor, no significant heat exchanger size or

performance implications are introduced with the lower pressure. Reducing

the pump discharge pressure resulted in a lower pump exit temperature and

allowed more heat to be absorbed by the hydrogen before the pinch A T limit

was reached. The hydrogen conditions used for the condenser equivalence ratio
of 6 were as follows:

Pump inlet pressure = 15 psia

Pump inlet temperature = 36°R

Pump discharge pressure = 600 psia

Pump exit temperature = 38.9°R

Pump efficiency _-

Precooler pressure drop = _0 psia

Condenser pressure drop = 50 psia

The effect of the precooler equivalence ratio on the precooler heat ex-

changer surface area required is shown in Figure 88. The heat exchanger core

weight (which is directly proportional to the area) is shown in Figure 89. The

variation of the precooler equivalence ratio was accomplished by holding the

condenser equivalence ratio constant and varying the hydrogen recycle flow

rate. The heat exchanger area required, and thus the core weight_ increased

as the equivalence ratio was reduced due to the smaller temperature difference

between the air and hydrogen. The face area (as seen by the air) also in-

creased with decreasing equivalence ratio as shown in Figure 90. it can be
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noted from all three figures that using a precooler _ of 4.0 with a condenser

of 8, as is specified for the recycle RamLACE engines, imposes a signifi-

cant size and weight increase in the heat exchanger for the increased engine

performance. However, the size and weight penalties are relatively small

compared to those which result if the condenser _ is also decreased to 7 or 6

to stretch recycle time.

The off-design hydrogen recycle requirements were evaluated over the

three Class 0 reference trajectories. This was done for a constant air flow

rate and precooler equivalence ratio (Figure 91). The recycle requirements

over Reference Trajectory A, the lowest altitude trajectory, were less than

those for the other two trajectories due to the beneficial effect of high

air pressure. The higher air pressure means a lower air heat of condensation

and higher liquefaction temperature for the air. Both these effects reduce

the hydrogen recycle requirements.

7.2.2.4 Engine Ejector Mode Comparison

Since both the Mach 8 and Math 12(Scramjet mode) versions of the

Class 1 engines have the same design flow areas, Ws/Wp, etc., equivalent
ejector mode performance is achieved. Figures 92 and 93 present the Mach 0

to 3.0 ejector mode specific impulse and thrust_ respectively, for the six

pairs (non-Scramjet/Scram_et) of engines. The Class 0 Reference Trajectory

B (Figure 25) was used as a basis. It is noted that the odd number engines

have Mach 8 capability and the even number have Mach 12 capability, e.g., the

Ejector Ramjet is No. 9 and the Ejector Scramjet is No. lO.

The air liquefaction specific impulse gains are evident in the perform-

ance of RamLACE (Engine No. 21) as compared to the Ejector Ramjet (No. 9) in

Figure 92. Recycle mode specific impulse potential is reflected in the curve

for the Recycled RamLACE (No. 23).

The performance increases indicated in Figure 92 for supercharging of the

basic cycle are due to two effects. Supercharging obviously provides addi-

tional compression and increases the design thrust level over that of the

basic engine. Adjusting the thrust of the supercharged engine to the design

level is done by decreasing the primary rocket flow rate, with respect to

that of the basic engine. The resulting reduced propellant flow is then also

a strong factor in improving engine specific impulse. In supercharged RamLACE

engines (Nos. 29 and31), the reduced primary propellant requirement means

less liquefied air flow which in turn specifies less total engine hydrogen

flow (total propellant).

The typical ejector mode thrust trends for the Class 1 engines shown in

Figure 92 are quite similar. The low flight speed dip for the RamLACE engines

as compared to that for the Ejector Ramjet is due to the lower chamber

pressure-lower energy primary propellants for RamLACE. This results in less
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Jet compression through mixing than the high pressure-high energy Ejector

Ramjet primary. Ram compression is not significant enough to offset the re-

duced ambient pressure in the subsonic flight speed portion of the trajec_or[

The falloff in thrust past 2000 fps flight speed for the recycled RamLAC

engines 23 and 31 is due to a "leaning" out of the afterburner equivalence

ratio at this speed regime. Actually, the afterburner equivalence ratio has

finally been reduced to about stoichiometric and the lack of excess hydrogen

as a low molecular weight working fluid reduces thrust relative to the con-

sistently fuel rich RamLACE engines (Nos. 21 and 29). The near stoichiometr±

operation for the recycled RamLACE engines also provides the slightly in-

creased specific impulse past 2000 ft/sec flight velocity shown in Figure 93.

The comparative engine weights and thrust/weight ratios for the 12 Class

1 engines are discussed in Section 7.4.

7.3 Primar7 Rocket Subsystem DesiGn

Both hydrogen-oxygen and hydrogen-air primary rocket subsystems were con-

ceptually designed and analyzed by Rocketdyne in support of the Class 1 effort.

This effort comprised configuration selection, thermal design and analysis,

structural considerations, and internal aerodynamic studies to determine

nozzle contours and exhaust plume shapes.

The methodology governing these rocket studies along with the results
achieved are summarized below.

7.3.1 Methodology

The rocket primaries that were used in the evaluation of the Class

1 composite engine systems were (1) a 2_O,000 pound thrust LO2/H 2 engine
operating at a chamber pressure of 2000 psia for the Ejector Ramjet family,

and (2) a 150,000 pound thrust LAIR/H 2 engine operating at a chamber pressure

of lO00 psia for the RamLACE family. The air liquefaction system trade-off in

terms of primary rocket chamber pressure was not the same as that for the

non-liquefactlon system.

7.3.1.1 Confisura. tion Selection

A number of conceptual sketches were generated (Figure 94) in

order to select the rocket propulsion system most suitable for installation

within the composite engine configuration. The configuration concept shown

in Figure 94-C was chosen for further design evaluation. Since the rocket

prima_F was only operating within a confined environment of essentially con-

stant pressure for typical trajectories and inlet pressure recoveries, there

5,
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was little need for altitude compensating features. The selected geometry for

the rocket primaries was a toroidal combustion chamber with an annular bell

nozzle (hereafter referred to as an annular bell engine). This configuration

provided a large interfacial shear surface between the air and rocket exhaust

gases and it was thus conducive to rapid mixing of the streams.

The operational parameters for the rocket primaries at sea level static

conditions are given below:

Composite Engine Family Ejector-Ramjet

Propellants

Thrust, ibf

Specific impulse (SL), lbf-sec/Ibm

L02/H 2

250,000

384.75

Chamber pressure, psia

Mixture ratio (0/F)

Exit pressure, atm

Area ratio

2000

8:1

1.0

18

RamLACE

150,000

2o8.8

1000

34.3:1

1.0

7.6

7.3.1.2 Heat Transfer Analysis

A heat transfer analysis was conducted to determine the feasi-

bility of regeneratively cooling the rocket primaries of the Class i composite

engines. The regenerative coolant was the fuel (hydrogen).

The hydrogen coolant jacket exit temperature is indicated in Figure 95.

These values are based on engine geometry, throat heat flux, coolant flow rate,

hydrogen specific heat (a constant value of 3.7 Btu/ibm-°F was used), and tube

pass arrangement. The hydrogen mass velocity requirements are given in Figures

96 and 97 for the LO2/H 2 and LAIR/H2 engines, respectively. The requirements

are a function of wall temperature, heat flux, wall conductivity, and wall

thickness (0.010 in. for the LAIR/H2 and 0.008 in. for the LO2/H2 were used).

The Dipprey and Sabersky equation (Reference 21) was used to determine the

wall roughness effect on the heat transfer coefficient. A slightly modified

version of this equation, in light of the experimental hydrogen data, is pre-

sented below:

St(Tw/Tb)O. 55

_curv

(f/2)
0.92 + (f/2) l/2 Pr) -
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Where

g(¢*, Pr)

Pr)

: aeo(cf/2)( Io)

= 4.5 + 0.._7(¢*) 3/4

= °'2

O< ¢*<7

¢*>7

for the Prandtl number of interest.

the friction factor (f) as follows:

The Colebrook equation was used to obtain

and Cf = f/4. The heat transfer curvature enhancement factor (_curv) was

taken to be 1.6, based on 38° turning angle to the sonic line for both up-

pass and downpass. A standard tu_e roughness of 50 x lO -u in. was used
although an increase to lO0 x lO- would reduce the required hydrogen _ss

velocity 7 percent. Even higher roughness would give greater improvement
and would reduce the coolant pressure drop due to lower coolant velocities.

A wall mterlal of 347 stainless steel was chosen for this analysis. This

material is satisfactory for a chamber pressure significantly greater than

1500 psia for the LAIR/H2 engine (limits were not determined) and up to

about 2000 psla for the LO2/H 2 engine.

7.3.1.3 Nozzle Contour and Plume Analysis

Two annular bell rocket engine configurations were analyzed to

determine nozzle wall contours for maximum performance. The design para-

meters are summarized in Table XVII and Figure 98. The specific heat ratio

(y) was assumed to be constant and equal to a mean representative value for

the products of combustion considered for each case. For LO2/H 2 with a mix-

ture ratio of 8:1, y = 1.15 was used, and for LAIR/H 2 with a mixture ratio

of 34.3:1, _ = 1.28 was used. The nozzles were designed to give an exit

pressure of 14.7 psia. Exhaust plumes in still air at ambient pressures of

lO, 14.7, and 20 psia were computed for the two nozzles which were designed.
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TABLE XVll

NOZZLE GEOMETRY SUMMARY* FOR CIASS i ROCKET PRIMARIES

Propellants

Mixture ratio

Chamber pressure

Thrust

Cp/Cv

RT = (Throat area )½

Area ratio

Length, L/R T

CF

CF/CF ideal

Yol/RT

Yo2/RT

P2/RT

R2/RT

Zel/ 

Given

L02/H2

8.0

2000 ps ia

25O K lbf

1.13

m_

--w

9.6997

9.5272

O.13317

0.13317

o.o419

o.o419

6.4171

4.8146

Computed Given Computed

p

--m

_m

m_

m_

2.10

1.89386

0.9937

--m

LAIR/H 2

34.3

1OO0 psia

150 K lbf

1.28

5.547 in.

7.6

4.92103

4.7451_

o.15522

0.15522

o.o36o95

o .036o99

5.22625

4.44023

_m

w_

m_

1.03

1.65976

0.9869

ii

* See Figure 98 for nozzle nomenclature.
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FIGURE 98. Annular Bell Nozzle Geometry
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A transonic solution was obtained for the given geometry, letting the

upstream wall radius at the throat equal 1.5 times the throat gap in each

case. Using the transonic solution as the input to a design program, mapping

runs were made for a series of Bm and M*D values, em identifies a particular

characteristic line by the flow angle at the point on the line where the _-all

is intersected, e.g., Point "b" in Figure 99. M*D then identifies a point on

the em characteristic, e.g., Point "a". For a given input line and downstream

throat wall radius, 6m and M* D specify a point in the flow field generated by

expansion along the constant radius wall portion of the nozzle just down-

stream of the throat. The design program generates a control surface a-e

where Point "a" is located by Bm and M'D, " and Point "e" is the end point of
the nozzle which will produce maximum thrust for the given conditions. The

mass flow across a-e equals that across b-a. If different values of M*D and

em are selected, a new starting point, say "c", is identified and a different

control surface, c-f, and exit point "f" are generated. If for each of a

series of em values the same set of M* D values are used to generate control

surfaces, a map is produced. Figure lO0 shows a map for the upper wall for

the LAIR/H 2 engine. Having generated the control surface, the thrust coef-

ficient (CF) can be computed. The inner and outer wall exit radii (Ye/Rt)**

have been specified. Therefore, only the nozzle length must be selected

before the final design can be completed.

7.3.2 Results

7.3.2.1 Primary Chamber Desi6n

Figures 101 and 102 depict designs which took into consideration

accessibility for inspecting, overhauling_ and replacing parts of the thrust

chambers which are constructed in three sections, namely, an upper nozzle and

combustion chamber, the lower nozzle and combustion chamber, and the leading

edge. The sections are held together by struts in the subsonic flow region

of the combustion chamber itself and by tie bolts at the juncture of the

leading edge section with the other two sections.

Figure 103 shows an integrated design which, however, does not allow for

the same ease of accessibility. This design provides for a more reliable and

lighter thrust chamber because it eliminates many of the mechanical seals re-

quired for an accessible thrust chamber. The subsonic strut is contoured to

allow the top and bottom coolant tubes to be routed around the strut. The

outer structural shell is welded to the portion of the subsonic strut that

protrudes above the coolant tubes. Figure 104 is a perspective view of this

design which shows the structural shell lifted off of the coolant tubes.

•* R t is the throat radius of an equivalent bell nozzle.
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FIGURE 103. Integrated Design Concept for the Class i LO2/H 2 Rocket Primary
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Installation of a rocket primary chamber within the composite engine

system presents a unique problem in that the external structure of the rocket

engine must be cooled during certain high speed operational modes. It is

important, also_ that the external surfaces are aerodynamically contoured to

minimize internal engine drag. A preliminary design showing how the LO2/H 2

primary assembly is installed and supported is shown in Figure 105. Eight

radial struts support the annular thrust chamber and provide a means for

routing propellant lines to the chamber. A structural ring is used as the

main support for the rocket engine. All of the components on the external

periphery of the support -- such as the turbopumps_ propellant valves, and
electrical controls -- can be mounted.

The internal cross-sectional configuration of the composite engine,

speaking generally, can vary from a rectangular inlet to a circular mixing

section. The cross-sectional transition may in certain designs take place

within the region where the rocket engine is located. Figure 106 shows a

concept of a two-dimenslonal rocket engine which is packaged in a rectangular

cross-section. As shown, the circular structure of the two-dimensional

engine lends itself for retractability and thus eliminates the cooling con-

sideration on the external rocket engine surface. Figure 107 shows a cross

section of the two-dimensional engine in greater detail. This engine uses

the reverse flow concept and provides a unique compact arrangement of the

essential parts.

A series of various cross-sectional patterns was prepared to physically

compare the selected concept with other possible concepts. This included the

"dual concentric annular bell" and the clustering of "conventional bell engines"

in concentric and radial patterns. The mixer air flow area of the composite

engine was fixed at 32 sq ft at the rocket nozzle exit plane for these patterns.

Given the mixer area as the basic ground rule and using identical param-

eters to size the bell and annular engines, Figure 108 was generated. Using _

the selected concept (Figure 108-A) as a basis, an exit area rocket gas/air

plane was determined. This "shear plane" is the summation of the circum-

ferential distance around the nozzle exit or exits. Figure 108-C presents

a pattern using lO bell engines maintaining identical parameters (thrust,

exit pressure, and circumferential distance) with the single annular bell

concept.

To increase the shear plane within the 32 sq ft basic area, a "dual

concentric annular bell engine" was considered. As shown in Figure 108-B

the cross-sectional pattern provides for a shear plane increase of 123 per-

cent compared to the single annular bell. Using this criterion as a ground

rule_ it was determined that an equivalent of 50 bell engines are required

to duplicate the shear plane parameter derived for the dual concentric an-

nular bell engine. Figure 108-D presents two possible patterns (the radial

cluster and the annular cluster) in which to package 50 bell engines.

- 2_3 -



VAN NUT|. CA&fPO|N|&
Report 25,192

Volume 2

\\

\

\

J
//

FIGURE 105. Installation of Class 1 Rocket Primary within Composite Engine Structure
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FIGURE I07. Cross Section of Two-Dimensional Rocket Primary
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In conjunction with each of the cross-sectional patterns, a contcur

drawing was made for each of the engine concepts. These are shown to scale

in Figure 109.

The shear area equivalence of the annular engine geometry to the large

number of bell engines, as shown, indicates the suitability of the annular

geometry concept for applications where rapid mixing (hence a short mixer) is

an important factor.

7.3.2.2 Primar_ Chamber Cooling

Based on the calculation method and physicalconditions de-

scribed in Section 7.3.1.2, the throat heat flux for the rocket primaries is

given in Figure ll0. These values were calculated assuming a 100 percent

combustion efficiency. A lower combustion efficiency will reduce the heat

flux. A turbulent extrapolation of the heat flux as proportional to the 0.8

power of the chamber pressure was also used.

The hydrogen coolant jacket exit temperature is indicated in Figure 95.

The coolant stagnation pressure requirement to prevent choking in the

tubes is indicated in Figure 96. A maximum Mach number of 0.5 was used. The

LAIR/H 2 engine has no choking problem for chamber pressures less than 1500

psia. The stagnation pressure requirements are based on the coolant mass

velocity and bulk temperature. For a given value of Tb, the velocity for

Mach 0.5 is defined and the density can then be found from the mass velocity.

The density then defines the required coolant pressure. The high stagnation

pressure requirement for the 2000 psia L02/H 2 engine indicates a trade-off

between rocket primary performance and weight (turbopump).

Figure iii gives the regenerative coolant round tube outside diameter

requirements for both rocket primaries. At their nominal chamber pressures

(lO00 psia for the LAIR/H 2 and 2000 psia for the (LO2/H2) , the tube outside

diameters are 0.12 and 0.07 in., respectively, for a two-pass parallel flow

arrangement.

7.3.2.3 Nozzle Design

Lines of constant CF are shown on the map in Figure lO0. Fig-
ure ll2 was plotted from the map data and more clearly shc_s the variation of

CF with length for the given outer _all exit radius. The CF values in Figures
lOOand ll2 are only for the upper half of the nozzle. The loner half is

handled separately and the two are added toobtaln total nozzle performance.

Nozzle length is determined by tradlng off nozzle weight against performance.

In this case, X/R = 1.03 was selected for the nozzle length, since above this

value very little CF increase could be obtained by increasing nozzle length.

A similar performance/length trade-off was made for the _ = 1.13 case and a

nozzle length of X/R t = 2.1 was selected.
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FIGURE 109. Contours of Primary Rocket Combustion Chamber Geometry
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FIGURE ll2. Thrust Coefficient vs. Nozzle Length for the

Class I LAIR/H 2 Rocket Primary
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Having selected nozzle length and inner and outer wall exit Y/R t values,

the map is used to select M*D and _m to generate maximum performance nozzle
contours ending at the specified points. Referring to the sample map in

Figure lO0, M* D = 2.151 and %m = 32._ were selected to design to the end

points Xe/R t = 1.03, Ye/Rt = _.2262_. The end point of the nozzle which was
designed will differ from the desired point to some degree depending upon the

accuracy of the selected M*_ and 6m values. The upper wall which was de-
signed ended at X/R t = 1.02_896, Y/R t = 5.2257, which is essentially coin-

cident with the desired point. The lower wall design length was selected

equal to the upper wall length and the lower wall contour was designed using

the same mapping and design procedure as described for the upper wall. The

same procedure was also used to select the nozzle length and design both the

upper and lower walls for the L02/H 2 engine. Figures !13 and ll4 show plots

of the contours for the LO2/H 2 and LAIR/H 2 nozzles.

7.3.2.4 Plume Boundaries

Having completed the nozzle designs, the flow fieldswere ex-

tended beyond the nozzle exits to generate the inner and outer plume shapea

for ambient pressures of lO, 14.7, and 20 psia. Starting with the flow field

generated by the design program, another program was used to compute a right
characteristic line for the outer wall and a left line from the inner wall

which were used as input lines to the plume analysis program. The plume

program uses an exact solution of the oblique shock equations in conjunction
with the method of characteristics for rotational flow to solve the plume

flow field. Constant ,_ solutions were computed using the same _ values as

were used for the design calculations. Figure ll9 shows the plume boundaries

for the two nozzles. Shock locations are plotted for those cases where the

flow net was sufficiently fine to locate the lip shock.

7.4 Engine Design

7.4.1 Methodolog_

7.4.1.1 Engine Flow Area Specification

The selection of primary chamber pressure and secondary-to-

primary mass flow ratio (Ws/Wp) for Class 1 engines was presented in Section
7.2. These two items and the design sea level static thrust (290,000 pounds

for Class l) are the prime factors in specifying the engine flow areas.

As discussed previously, the mixer flow area (A3) is the most important

design point area, and it is defined at the onset. For engines with a

ScramJet mode, the supersonic combustion is accomplished in the smaller mixer

(to maximize geometric contraction rate) and therefore the A3 ratio is an
important item in sizing engines with this mode. The afterburner flow area

(A4) has a relatively weak effect on thrust sizing (denoted through the

afterburner�mixer diffusion ratio (A4/A 3)).
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This diffusion ratio nominally has two lower limits and one upper limit.

A reasonable diffusion ratio (A4/As) must be used for the afterburning cycle;

the approximate lower limits on A4-/A3 are 1.9 for Ejector Ramjet cycles and
2.0 for RamLACE cycles. The RamLACE_cycle encounters afterburner thermal

choking at diffusion ratios of 2.0 and less because of cycle peculiarities.

Hence the Ah/A 5 limit is larger than that for the Ejector Ramjet. The dif-

fusion ratio thus defines one lower limit for A 4.

The second lower limit is concerned with subsonic combustion ramjet oper-

ation in the Mach 1.9 to 3.0 range. At these flight speeds, ram compression

of the air is low to moderate and a relatively large afterburner area is re-

quired to pass the ramjet air flow (in the extreme_ letting the exit nozzle

throat Limit, A 9 max. = A4). Whether this item is actually a limit depends
on factors such as the inlet capture area schedule and the requisite ramjet

thrusL in this intermediate flight speed regime. The latter is also involved

with. Lhe transition from the ejector mode (primary rockets on) to pure ramjet

operation.

The upper limit for A 4 is concerned mainly with engine packaging (Instal-

lation and engine weight). A large A 4 engine may present physical instal-

lation difficulties. Typically, a large A 4 will provide only nominal per-

formance gains (See Section 7.2) while effecting a heavier engine.

For the Class 1 engines, the Scramjet version of each engine was con-

sidered first due to the trade-offs of mixer size (augmentation) at io_

flight speeds and the inlet-to-mixer area contraction ratio effects at high

flight speeds (Scramjet mode). The engine flow areas thus defined were then

held constant for the non-Scramjet engines to provide a consistent overall

comparison. Because inlet/mixer contraction ratios of 2.0 were considered a

lower limit and since from an engine installation standpoint the afterburner

can be as large as the inlet, a nominal diffusion ratio (A4/A3) of 2.0 was

selected for all engines. This value provides good design point and low

flight speed performance for the Ejector Ramjet and is also adequate for the

RamLACE family of engines.

With the cycle flow areas defined, the selection of the engine con-

figuration or physical envelope must consider two items: one an additional

component and the other, part of the basic engine. These are, respectively,
the inlet and the exit nozzle.

7.4.1.2 Inlet and Exit Considerations

The size and shape of the inlet obviously will affect the inlet/

uninstalled engine interface and hence, may shape the front end of the engine.

Although the inlet design is not considered to be directly within the scope

of the engine design analysis presented here, it was required that the inlet
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performance bases for the engine data be substantiated by a specific inlet

design approach. To meet this requirement, two cases were considered, viz.,

non-Scramjet and Scramjet capability. A set of contours for a two-dimenslonal

moving panel type design were developed which correspond to the pressure re-

covery used, and they are presented in Figure ll6. Also, the physical mech-

anization of these contours by way of actuator placement, panel hinge points,

and pressure balance compartments was investigated. A conceptual drawing of

a typical mechanization approach for satisfying this requirement is also in-

cluded as Figure ll7.

A two-dimensional inlet design was selected to permit a reasonable de-

sign and performance basis for the wide range of inlet conditions, namely,

Mach 0 to 8.0, or 0 to 12.0. The two-dimensional design, as is obvious,

presents a rectangular inlet diffuser exit as an interface with the engine.

A round mixer shape was used for the Class 1 engines (for minimum weight and

compatibility with circular primary rocket assemblies) necessitating the

introduction of a transition duct from the inlet diffuser to the mixer. For

Class 1 engines with a fan assembly, heat exchanger, or both, some ducting

is required ahead of the mixer entrance to permit fan stowage or to provide

an air passage to the heat exchanger. In these cases, the rectangular-to-
circular transition ducting and the fan and/or heat exchanger requirements

were, in concep% integrated.

Two different approaches were used in the exit nozzle area. For engines

with Mach 8 capability (subsonic combustion only), the exit nozzle including

the maximum expansion area (A6) was taken to be self-contained in the engines,

i.e., no expansion on the vehicle afterbody. This lead to a circular after-

burner and an axisymmetric variable geometry exit design, for minimum weight

design purposes. For engines with Mach 12 capability (supersonic combustion),

utilization of the vehicle aft surface for supersonic exhaust flow expansion

becomes critically important. The engine exit configuration was selected on

this basis.

A quasi-square afterburner was utilized with a two-sided opposed hinged

panel variable exit design. The combination provides good engine slde-by-

side exit packaging on the vehicle for (1) effective utilization of the

available expansion surface, (2) the required exit throat (A%) variation for

the subsonic combustion ramjet mode, and (3) full open exit _ozzle position

for minimum interference in the Scramjet mode. (Combustion is phased forward

to the mixer.)

7.4.1.3 Basis for Weight Estimates

An obvious starting point for the Class i engine system weight

estimation task was that effort accomplished under the Class 0 effort (Section

6.3 and Volumes 4 and 5). The Class i objective basically overlapped these

earlier results and included in addition, the following goals:
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1. Increased depth of inquiry toward a better definition of weights

within the "high/low bracketing" results of the Class 0 effort

2. Thrust/weight trends as a function of engine design thrust over

an order of magnitude range

As provided in the Class 1 Engine Information Document (Volume 6) and

summarized in Section 7.4.2.3 below, these goals were achieved. The approach
which was used is outlined below.

A signal advantage, insofar as a selection of a weight study method-

ology was concerned, was that the Class 1 engine types were strongly inter-

related. All were defined as afterburning cycle air augmented rockets which

converted to subsonic combustion ramjet operation at higher flight speeds.

Physical variations among the 12 engine types occurred as a function of their

incorporation of component means to achieve the following variations:

1. Scramjet mode

2. Air liquefaction (Prima_/ rocket oxidizer)

3. Recycle operation in conjunction with Item 2

4. Fan-ramjet* and fan-only operating modes

As it turned out, the Scramjet mode capability carried with it the most

significant engine configuration ramifications of the above variations. This

was evidenced as a trend toward a non-circular engine through-passage.

In recognition of the above considerations, the following general approach

was decided upon:

io Selection of one or two representative Class 1 engines, preferably

those including all_ or most_ of the indicated candidate subsystems_

such as an air liquefaction heat exchanger and fan units

2.

o

Performance of trial conceptual design layouts and associated

preliminary weight estimation for the selected engine(s), until

a preferred design approach was evident

Completion of conceptual designs for all 12 Class 1 engines based

on the exercise accomplished under Item 2 above

_m Performance of a subsystem-level weight study for all engines

referencing_ as a basis_ the representative engines considered

in Item 2

. . -- . -- . --

*The intermediate fan-ramjet mode was fully exploited only in the

subsequent Class 2 analysis of the Supercharged Ejector Ramjet (SERJ)

ccnc ept.



Report 25, i94
Volume2

Accordingly, it was established that two of the Class 1 engines would

serve adequately as representative systems for initial configuration evalu-

ation and weight estimates. Except for a supersonic combustion ramjet mode

capability, the two engines are functionally equivalent. These engine con-

cepts were

Engine No. 29 -- Supercharged RamLACE

Engine No. 30 -- Supercharged ScramLACE

Engine No. 30, then, was a Scramjet capability powerplant in contrast

to Engine No. 29. Recycled hydrogen operation was the only Class 1 variation

not directly included in the two representative engines. However_ recycle

operation implies only a larger precooler assembly in the first analysis,

and this in itself would not represent a controlling influence in the overall

configuration selection.

As was discussed above (Section 7.4.1.2), Engine No. 29 (non-Scramjet)

was an axisymmetric engine, except for the heat exchanger which was packaged

above the mixer. Engine No. 30, on the other hand, took on a rectangular

afterburner and exit nozzle section to satisfy the Scramjet mode need for

engine exit/vehicle afterbody flow continuity. The resulting layout sketches

for the'two concepts appear later (Figures ll8 and ll9).

The weight estimation proceeded from these configuration studies as

follows:

I. Refined (over Class 0 values) subsystem weight assignments were

developed

a. Primary rocket lumped subsystem weights were provided by

Rocketdyne on a hardware weight/propellant Tlow basis for
both oxygen/hydrogen and air/hydrogen propellants.

b. Fan subsystem (fan_ drive gas generator, ducting, retraction

means) weights were based on published lift/cruise fan papers

(Reference 22 is typical) and personal communications on

the subject with Air Force and NASA personnel involved in

this field. The fan equipment weight worked out to be approx-
imately 2 lb per lb/sec of air flow processed.

c. Air liquefaction heat exchanger equipment size and weights were

based on identical core and '_rapup" unit weights as employed

for the Class 0 analysis (Reference 14). However, finite

approaches were initially considered for positioning the

precooler and condenser, as well as the interconnecting ducting.

- 252 -
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. Panel weights - -"(lb/ft 2) were estimated for the basic inlet imposed

pressure sensitive sections of the engines-mixer, diffuser, com-

bustor and exit nozzle. The nominal basis for this was 1CO psia

internal pressure loading. A range of from 50 to 250 psia lcadlng

was also estimated. The weights were based on an advanced regener-

atively cooled structural panel concept which employed a two-pass,

truss cross section multiple sheet metal build-up approach.

e Combining the results of Items 1 and 2 above, engine point uninstalled

weights were developed for all 12 engines. A thrust sizing of

250,000 ibs at sea level static conditions was used as a basis.

This provided engine weight estimates for 50, lO0, and 250 psia at

this design thrust.

_e

e

Based on simple engine envelope sketches for the end-of-range

50,000 and 500,000 lbs design thrust levels, a similar procedure,

but to less depth, was employed to yield uninstalled weights and

thrust/welght ratios for the lO0 psla internal duct loading con-

dition for each of the 1o concepts.

Uninstalled engine thrust weight ratios were piotted with the data

of Items 3 and 4. The curve defined by the lO0 psia pressure lines

was used to establish the 90 and 250 psia trends using the ,stab-

]/shed 250,000 lb thrust points. Finally, a 150 psia based curve

was established by a cross-plotting technique for the Engine No. 29

(non-Scr_et) family of six engines.

It was determined that, within the accuracy of the estimations, the weights

of the I00 psla "square" engines (Engine No. 30 family) approximated the _eights

of the i00 psia "round" engines (Engine No. 29 family). An important proviso

to be noted here is that the square engine weights do not include an upper

and lower exhaust expansion surface (assumed to be vehicle affixed pieces).

On the other hand, the round engine exhaust nozzles are completely accounted

for in the weight statements (no vehicle surface exhaust expansion).

The thrust/weight ratio versus design thrust trends are displayed later

(Figures 121 and 122). Weight statements featuring a subsystem breakout for

the design thrust (250,000 lb) and maximum internal pressure (150,100 psia)

are given in Volume 6 for each engine.

Installed Class 1 engine weights were arrived at through simply esti-

mating the air induction system weight on a weight per unit cowl area basis.

The inlet configurations shown in Figures I_16 and ll7 were used as applicable

models. The assumed unit weight was 100 ib/ft 2 of cowl area.



7.4.2 Results

7.4.2.1 Conceptual Design Studies

7._.2.1.i Non-Scram_let Mode Systems

Figure i18 presents a conceptual design drawing typifying

the Class 1 engines which do not employ a supersonic combustion ramjet mode.

In this case, the supercharged RamLACE (Engine No. 29) was selected for the

design exercise, since it reflects essentially all of the various subsystems

included in the basic engine derivatives, namely, fan, heat exchanger - as

well as the basic ejector and ramjet components. The thrust is 290,000 lb
at sea level static conditions.

The engine, shown unlmstalled, is an axisymmetric design, except for

the air liquefaction equipment group. The single stage fan unit (pressure

ratio = 1.3) is retracted at the end of the supercharged mode (below Mach 3_

recall that the tip-turblne driven fan processes only subsonic air flow).

This is accomplished by hinging it forward and upward about trunnions through

which the drive gas is transmitted from dual alrbreathing gas generators.

Conceptually, the fan in its stowed position is covered with a cooled lou-

voted panel which serves also to block off the heat exchanger from the

inlet diffuser during high speed operation.

The primary rocket section is shown as a double toroldal combustor

with an annular bell throat and expansion surface. The combustion chamber

pressure is 2000 psia for the non-liquefaction engines (single toroid), and

lOO0 psia for the air llquefa@tion systems, such as the engine shown here.

The turbopump package (not shown) is mounted adjacent to the combus%or but

external to the engine flow Passage.

All internal engine surfaces exposed either to the high temperature

primary rocket-secondary air mixture at low flight speeds or to the high

temperature inlet air in the Mach 9 to 8 speed regime are regeneratively

cooled. The total engine cooling requirements are dictated primarily by

the Mach 8 condition rather than by the low flight speed ejector mode con-

dltlons. As noted above, the fan and heat exchanger components used for
the M_ch 8 engines are closed off from the high speed environment by cooled

panels. These components are typically used only at flights speeds up to

about Mach 2.9

The exit nozzle design shown in Figure llB is an advanced concept based

on an on-axls translating contoured ring. This unit forms dual concentric

throats and expansion surfaces in conjunction with the fixed plug and the

outer bell, respectively. The approach provides high nozzle efficiencies

and full area variability, and affords altitude compensation during low

speed operation.
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The general design approach of the engine study shown in Figure 118

applies to all of the Class 1 engines which do not transform to the Scramjet

mode. These engines (Nos. 9, ll, 21, 23, 29, and 31) are thereby limited to

flight speeds of up to 8000 ft/sec, which they achieve in the subsonic com-

bustion ramjet mode.

7.4.2.1.2 Scramjet Mode Systems

The conceptual sketch design which reflects the general

approach used in laying out the Class 1 engines which employ the Scramjet

operating mode is presented in Figure ll9. The engine shown is a 250,000 lb

thrust (sea level static) supercharged ScramLACE (Engine No. 30). It includes

a fan subsystem and an air liquefaction heat exchanger uni% in addition to

the basic engine throughout sections, mixer, afterburner, etc. To this extent,

the engine is identical to that previously shown (Engine No. 29).

Scramjet imposed geometry considerations require a significantly dif-

ferent approach in establishing the engine configuration, however. In this

instance, the design moves toward a two-dimensional layout to achieve both

minimum discontinuity losses in contracting the supersonic air flow ahead of

the combustor (fuel is injected at the primary rocket station) and maximum

efficiency in expanding the post-combustion flow onto the vehicle aft under-

body (not shown> for further expansion.

A major difference with reference to the previous conceptual drawing

(Figure I18, Engine No. 29) is the transition from a circular mixer to a rec-

tangular afterburner and exit. The throat area (As) variability requirement
is handled in this case by opposed hinged panels, which in association with

adjacent engine and vehicle-fixed panels provide the equivalent of an ex-

pansion-deflection exit nozzle. For the ScramJet mode, these exit panels go

to a full open position (as shown). The conceptual approach of Figure I!9

was used as a basis for all of the Scramjet Mode Class i Engines, namely,

Engines Nos. lO, 12, 22, 24, 30, and 32.

7.4.2.2 Engine..Configura_ion ComPariso _

Figure 120 presents conceptual design sketches of the 12 Class

1 engines. The four non-air liquefaction engines are in the left hand column.

The eight air liquefaction engines comprise the remaining two columns, with

the supercharged versions on the right. In descending order in any column,

the Mach 8 version of the engine is first and the Mach 12 version just below.

The two parent engines (Nos. 29 and 30) used for the design sketches of

Figures ll8 and ll9 are shown at the upper right of Figure 120. The basic

difference between Engines Nos. 29 and 30 and the recycled versions Just below

them (Engines Nos. 31 and 32, respectively) are slightly larger heat ex-

changers due to a lower precooler equivalence ratio for recycle. Deletion of

the fan component from these engines in effect yields the middle column of

engines in Figure 120. Again, the primary difference between Engines Nos.
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21 and 22 and the recycled versions (Nos. 23 and 24) are the larger heat ex-

changers for recycle. Deletion of the heat exchanger component leaves the
basic Ejector Ramjet/Scramjet concept.

As illustrated, the Class 1 engines have basically the same primal,

rocket, mixer, and afterburner (with appropriate configuration shape dif-

ferences for Macn 8 cr Mach 12 capability as described). The various engines

derive essentially, from the addition of fan and/or heat exchanger components.

It should be noted that the Class 1 engines are all relatively low secondary-

to-primary flow ratio designs (Ws/W p = 1.9 to 2.0). A higher f!cw ratio de-
sign for the RamIACE engines would shrink the size of the heat exchanger

relative to the main engine. Conversely, holding the heat exchanger and pri-

mary rocket sizing, would enlarge the mixer and afterburner relative to these

two components.

7.4.2.3 Weight Study Results

A comparison of the uninstalled Class i engine estimated _hrusz/

weight ratio variation as a function of the design thrust level is presented

in Figure 121 for the Mach 8 engines and in Figure 122 for the Mach 12 engines.

Certain components of both types of engines tend to scale directly with thrust

level. These are the primary rocket and turbopump assembly, the fan assembly,

and the heat exchanger assembly. As shown in both figures, the engines with

only one of these components, (i.e., Engines Nos. 9 and i0 - primary rocket

only) have the maximum thrust/weight ratio variation with thrust level, while

the engines with all three components (Nos. 29, 30, 31, and 32) have the

least variation. Hence, the significant factors affecting the thrust/weight

ratio trends with design thrust level are the variations in length and weight

of the mixer, diffuser, afterburner, and exit nozzle.

7.9 Introduction to Class 1 Engine Information Re_ort (Volume 6)

The 12 composite engines selected from the Class 0 candidate engine

listing are documented in Volume 6 of this report entitled "Class i Engine

Information". The purpose of this section is to briefly introduce the reader

to Volume 6, since it is intrinsically, if not directly, referenced in the

discussion given in this section of the main technical report.

The Class 1 Report includes a separate indexed section for each of the
12 engine concepts described in Section 6.6 above. The original numerical

coding assigned to these engines as candidates (Class 0 Phase) is retained

for continuity, the engine sections appearing here in numerical order.

The orientation of the engine data presented in the Class 1 Engine

information Report is toward direct user processing for broad and diversified

study activities. Performance, weight, physical envelope characteristics,
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operating mode availability, and other information of this genre are arranged

here in a manner intended to promote effective assimilation of composite engine

data by the reader. For this reason, the documentation of interpretative

results of the engine data, e.g., mission application studies, is included in

the main body of the report. Similarly, discussions bearing on the trade-off

studies leading to selection of engine design parameters, such as primary

rocket chamber pressure, also remain in the main report, since, per se, these

may not be of immediate utility to a systems analyst striving to assess the

applicability of composite engines to his particular mission requirement.

Accompanying the listing of items covered in the Class 1 report are sample

(reduced) Fact Sheet pages taken from a typical engine section. The approach

is similar to that used for the Class 0 Fact Sheet discussion (Section 6.A).

The list of items given below is keyed to the sample pages via a lower case

letter coding. The content of each of the twelve engine sections is as follows

in the order indicated (See Figures ]25 to ]26).

i. Engine description, name and identification number, and a

brief verbal description (a)

2. Operating schematic diagram (a)

3. Engine design parameters for which the performance data and

physical characteristics are based (b)

_. Engine operating mode block diagrams presented in order of

utility in the launch mission profile (b)

5. Engine conceptual design layout reflecting general arrangement

and external dimensions (c)

6. Engine physical characteristics tabulation: weights, flow areas,

lengths (d)

Q Engine uninstalled thrust/weight ratio plotted as a function of

design sea level, static thrust level for variations in maximum

raa_et combustion pressure (e)

. Ejector mode (or supercharged ejector mode) specific impulse,

thrust, and air flow maps reflecting the effect of vehicle flight

speed and altitude. These maps are backed up by a capture area

map and computer-generated tabular data (f, g, h, i, J)

9. Fan-ram0et mode specific impulse and thrust maps and capture area

(k, l, m)

- 264 -
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lO. *Ramjet (subsonic combustion) specific impulse and thrust maps,
including the effect of inlet air precompression (flow field)

ll. *ScramJet (supersonic combustion) specific impulse and thrust
data, including the effect of inlet air precompression (flow
field). This information is presented for three reference
trajectories which follow the performance cu_:es

12. Fan (ducted) operation specific impulse and thrust maps,

reflecting the effect of varying degrees of plenum burning (n, o)

13. Cross-reference information (p)

In order to minimize duplication of data (and hence, the physical size of

the Class 1 volume) cross-referencing between engine sections has been freely

employed. For example there are two basic sets of ramjet performance data,

one for engines not employing a subsequent ScramJet mode, the other for the

higher speed Scramjet systems. Once each of these appears (Engines Nos. 9

and lO), the maps are thereafter cited, not repeated, in subsequent engine

sections.

Preceeding the individual engine sections, a general reference section

is provide_, which includes the following information:

1. Mach number/velocity conversion chart

2. Engine station nomenclature diagram

3. Engine design configuration approaches, non-Scra_et versus

Scram0et availability

4. Remarks and special notes

5. General nomenclature and legends

6. List of references

* Where applicable to the individual engines, not shown in the sample

engine pages presented.
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7.6 Vehicle S_stem and Mission Anal_sis

Specifically, the Lockheed effort in the Class 1 analysis related to

vehicle/engine integration under the study mission guidelines was directed

by the following requirements:

1. Two-stage and single stage to 262 n. mile orbit (HTO, VT0)

2. H2-O 2 propellants

3. 1.0 million pound gross launch weight

4. Full mission profile: liftoff to landing with a 3 g acceleration con-

stra int

5. Fully reusable vehicles

6. Payload of passengers and cargo

7. 1975 to 1985 engine first availability

8. E___uat_n on a payload performance basis _ith operational flexi-

bility, technical risk, and cost as sec_'mrite#ia

Lockheed provided vehicle/integrated payload performance for the 12 sys-

tems and an advanced rocket system.

1. Operational profiles

2.

3.

4.

5.

6.

These data included the following:

Engine complement sizing

Propellant requirements

Aerodynamic characteristics

Weights

Two-dimensional inlet design and performance

7.6.1 Methodology

Four key composite systems and an advanced rocket constituted the

design group, primarily because the remaining composite engines did not require

any major changes in vehicle configuration or operational profile. The key

systems reflected the spectrum of propellant volume requirements, propulsion

installation, and operational environment. They are identified as follows:
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A two-stage, horizontal takeoff and landing vehicle configuration (Figure
5 is typical) was stressed for the Class 1 engine performance analysis. The
single stage to orbit studies considered two distinct vehicle configurations.
These results are presented separately in Appendix E.

The 12 selected Class 1 systems and the advancedrocket, all fully re-
usable and employing conventional horizontal takeoff, were analyzed. Detailed
design was concentrated on the advancedrocket (SystemNo. 0) and on four key
composite systems_ which are representative of Class 1 engine varianicns, as
follows:

Ejector Ramjet Engine No. 9

Ejector ScramJet Engine No. l0

RamLACE Engine No. 21

ScramLACE Engine No. 22

These systems covered the spectrum of possible configurational variations due
to propellant volume, secondstage size, and operational environment (subsonic
and supersonic combustion modes). The remaining Class 1 systems did not,
in fact, appreciably alter the vehicle configuration.

For purposes of the vehicle integration studies, engine performar.ce
and weights were provided for a nominal 250,000 lb sea level static th__ast
engine. Performance and weights for massflo'_ ratios (air to primar_y)
of 1.5:l and 3.0:1 were also provided to evaluate the effect of the ratio
of ramjet to primary rocket size on the performanceof the integrated system.

The pressure recovery characteristics for Class i engine analysis were
those derived for a real inlet (Lockheed design) as opposedto the Specifica-
tion MIL-E-5OOSBrecovery used in the Class 0 analysis.

I
The advanced rocket engine was derived by Rocketdyne and it was charac-

terized as follows:

I. Thrust = 1,500,0OO-lb initial, and 1,796,000-1b vacuum

2. An aerospike nozzle

3. Tapoff cycle

4. Expansion ratio, c = 80

9- Chamber pressure = 2000 psi

6. 0xidizer-to-fuel ratio = 6.5:1
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The uninstalled thrust-to-weight ratio of the engine was 160.0, including

thrust vector control and heat exchangers for tank pressurization. The total

propellant flow rate was 3999 lb/sec, yielding initial and vacuum specific

impulses of 375.1 and _9.3 sec, respectively.

The 12 c unposite systems were again ranked and evaluated for selection

of the Class 2 candidate engines.

The approach to the vehicle/engine integration and analysis was as follows:

i. To concentrate the designs on four key composite propulsion systems

and the advanced rocket, with the remaining systems analyzed as per-

turbations

. To integrate the primary system elements (propulsion, second stage,

and propellants) for minimum aerodynamic drag and inert weight com-

mensurate with adequate stability

The stability criterion employed was to locate the aerodynamic center

(a.c.) at the most aft center of gravity (c.g.) by the addition of stabilizing

surface area. The prestaging, first stag, burnout condition at hypersonic

speeds resulted in the most aft center of gravity position. Application of

Ne_tonian theory, which yields an aerodynamic center coincident with the cen-

troid of planform area for the angles of attack existing during the prestaging

condition (6 ° to 18°), provided for neutral stability when the system centroid

of area and center of gravity were made colncldent. Utilization of this cri-

terion insured that all systems were provided with an equivalent stabilization

penalty. The control surface volumes, expressed as follows,

Control area x (c.g. - a.C.contro l)

Planform area x Body length

were also held constant for the various systems to provide equivalent control

effectiveness. •

Four key composite systems and an advanced rocket constituted the design

group, primarily because the remaining composite engines did not require any

major changes in vehicle configuration or operational profile. The key systems

reflected the spectrum of propellant volume requirements, propulsion installa-

tion_ and operational environment. They are identified as follows:

Ejector Ramjet (No. 9)
RamlACE (No. 21) _ Subsonic combustion, Mach 8
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I
Ejector ScramJet (No. i0)

ScramLACE (No. 22) I
Advanced rocket (No. 0)

Supersonic combustion, Mach 12

The subsequent sections describe the integrated systems, the second-stage

vehicle, and the operational profiles.

7.6.1.1 Vehicle Confi6urations

7.6.1.1.1 E_ector Ramjet (Engine No. 9)

The Ejector Ramjet (Engine No. 9) was installed in three vehicle

configuration approaches (illustrated in Figures 12T, 128, and 129) to deter-

mine which configuration provided minimum drag and inert weight within the

established stability and control criteria. The baseline configuration, util-

ized in the Class 0 analysis, consisted of a cylindrical fuselage with inlet

shock field generators and outer panels that provided the required stabili-

zation surface. The second configuration had a conoidal body with flat under-

surface for 2-D shock field generation and required additional horizontal

lifting surface to satisfy the stability criterion. Both of these configura-

tions were characterized by high drag (low slenderness ratio and second stage

base exposure) and high wing weight (10 lb/_2). For the Ejector Ramjet

lifting body, the aft extension contained no propellants, but provided for

increased slenderness ratio (from l0 to 15), elimination of the second stage

baEe drag, and stabilizing surface area at a unit weight of 6 lb/ft 2. The

resulting dry weights of the three first stage vehicles were as follows:

Cylindrical body/wlng 379,165 pounds

Conoidal body/wing 391,367 pounds

Lifting body 324,294 pounds

Although potential stage separation problems due to su_nergence may be

inherent with the lifting body configuration, this configuration did indicate

a substantial payload increase over the winged configurations. The lifting

body system had a T/W ratio of 1.25 at takeoff, as compared to 1.50 for the

winged vehicles. Ram3et transition occurred at Mach 1.8.

7.6.1.1.2 RamLACE (Engine No. 21)

The RamLACE engine (Engine No. 21) air liquefaction process

supplied the oxidizer by means of heat exchangers mounted concentrically around

the mixer of the engine, and resulted in substantially decreased first stage

mass consumption. This permitted a greater second stage weight relative to
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the non-airliquefaction Ejector Ramjet (Engine No. 9), where the oxidizer (02)

was carried on board the vehicle. The higher specific impulse and weight of

the Ram LACE engine resulted in a lower takeoff T_g ratio of 0.875. The tran-

sition to ramjet operation wag at Mach 2.

The large hydrogen requirement (225,000 pounds) of the RamLACE system

(illustrated in Figure 130) resulted in a slightly larger vehicle and utili-

zation of the extended aft body to stow the additional hydrogen. The confi-

guration was geometrically similar to the Ejector Ramjet lifting body and it

had a total planform area of 14,000 sq ft.

7.6.1.1.3 _Jector ScramJet (Engine No. !0)

The Ejector ScramJet system (Engine No. lO) (presented in

Figure 131) exhibited no major changes in configuration except for the addi-

tional nozzle expansion surface required for the supersonic ccmbustlcn phase.

The takeoff T/W ratio was 1.36, with transition to the subsonic combustion

ramjet mode at Mach 1.9 and transition to the Scramje_ mode at Mach 6.0. The

maximum airbreathingMach number was 12.0.

The system was highly sensitive to vehicle angle of attack in the super-

sonic combustion mode (+l ° to +2.5 ° for maximumperformance). This resulted

from the dependence of Isp and thrust/drag ratio on inlet contraction ratio
and nozzle expansion ratio, which were influenced by the vehicle shock field.

7.6.1.1.4 ScramLACE (Engine No. 22)

The ScramLACE system (Engine No. 22) (presented in Figure 132)

again indicated no major configuration differences with respect to the pre-

viously discussed systems. The takeoff T/W ratio was 0.962, __th transition

to the subsonic combustion ramjet mode during the Mach n_mber inte_al between

2 and 3. The supersonic combustion mode covered the Mach 6 to 12 range.

7.6.1.1.5 Advanced Rocket (Engine No. O)

The Advanced Rocket system (Engine No. O) (illustrated in

Figure 133) was analyzed to the same ground rules established for the compo-

sites, i.e., 1.O million ib gross weight, 02-H 2 propellants, and horizontal

runway takeoff from zero velocity. Performance AV values and other pertinent

data were drawn from prior Reusable Orbital Transport studies (Reference 19).

The wing was sized to permit liftoff at 400 fps. The takeoff T/W ratio was

1.50. C-5 transport type, hydrogen converted, subsonic turbojets were utilized

for return to base and landing.

A maximum payload for the advanced rocket resulted in a staging velocity

of 7500 fps. The rocket system was smaller than the composites (245 feet in

length, as compared with 320 to 330 feet for the composite systems).
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(The advanced rocket system was re-evaluated in Class 2 for HTO-gear,

HTO-sled, and VTO launch modes to provide a broad summary comparison with

composite engine systems on the basis of cost, operational characteristics,

and technology requirements.)

7.6.1.1.6 Second Stage Vehicle

All systems utilized a scaled version of the GD/Convair lifting

body type second stage vehicle generated during the NASA Reusable Orbital Trans-

port study (Reference 1). This vehicle was a point design of 326,711 pounds

gross weight, with a total mission velocity increment of 21,687 fps (east

launch from EAFB) and a vacuum specific impulse of 455 seconds.

The second stage was fully recoverable and reusable with a hypersonic

L/D ratio of 1.7 (maximum lateral range = 1500 n. miles) and it employed a

high chamber pressure (3000 psi) 02-H 2 aerospike rocket engine. The thrust-

to-weight ratio at staging was 1.O. An RL-10 engine was utilized for de-orbiting.

The point design payload with a launch firing eastward was two crew, ten

passengers, and three metric tons of cargo, to a target rendezvous in a 262 n.

mile, 30 ° inclined orbit. The gross psyload for the point design vehicle was

18,380 pounds, which, in addition to the personnel and cargo, included the

pressurized personnel encapsulation and electrical power system, navigation

and guidance, communications, and environmental control system.

7.6.1.2 Aerodynamics

The aerodynamic analyses performed during the Class 1 study were

concentrated on the lift and drag characteristics of the three Ejector Ramjet

configurations presented in Figures 127, 128, and 129. These configurations

were the cylindrical body/wing, the conoidal body/wing, and the lifting body.

For the Class 1 analysis, the vehicle total drag coefficients were cal-

culated using the following equation:

CD = CA + KC L tan
O

Where

CD = Total drag coefficient

CA = Axial force coefficient at zero lift ( = CDo)

O

K = Drag due to lift factor (Assumed = 1.0)

CL = Lift coefficient

= Angle of attack
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No detailed stability analysis was provided for the Class I systems. The

adopted design approach of adding sufficient stabilizing surface to position

the centroid of planform (Newtonlan aerodynamic center at hypersonic speeds)

coincident with the prestaging first stage burnout center of gravity pro-

vided for a consistent comparison of the various systems.

7.6.1.2.1 Axial Force Coefficients

The fuselage axial force at zero lift was composed of forebody

wave drag, afterbody wave drag, blunt nose pressure drag, and friction drag.

The forebody wave drag at supersonic and hypersonic speeds was computed by

using the tangent cone/Prandtl-Meyer method. This method assumed that the

pressure acting on a local surface was a function of the Mach number and the

local surface deflection angle. The pressure acting on a compression surface

was assumed to be identical to the p_essure experienced on a right circular

cone at zero yaw having a semivertex angle equal to the deflection angle of

the local surface. Similarly, the pressure acting on an expansion surface

was taken to be equal to the pressure experlenaed by a two-dimenslonal surface

having the same expansion angle as the deflection angle of the local surface.

The force on the body was then determined by integration of the pressure forces

acting on each local surface.

The afterbody wave drag at supersonic and hypersonic speeds was deter-

mined by using shock-expansion techniques. The afterbody drag coefficient

reached a value of 1/M 2 at Mach 6. A power-on flight condition was assumed

for the calculations. Therefore, the exhaust nozzle contributed no drag. The

pressure drag of the hemispherical nose _as estimated by using modified New-

tonian techniques. These techniques are described in Reference 23.

The fuselage friction drag coefficients, assuming a fully turbulent boun-

dary layer, were calculated ._rom the following relationship:

0.75
cF (i.o3)

= CFflat plate

Flat plate friction coefficients (which are dependent on the Reynolds number,

Mach number, and wall temperature) were obtained from References 2_ and 25.

The Reynolds number ";as evaluated along a q = lO00 psf flight path. Repre-

sentative wall temperatures for the fuselage were 930°R at Mach 2, l_50°R at

Mach 6, 1630°R at Mach 8, and 1900°R at Mach 12. The factor 1.03 transforms

the flat plate friction coefficients to conical flow friction coefficients.

The factor (_s/Pm)O.?5 accounted for the forebody compression and afterbody

expansion pressure effects on the friction drag. The term _s/P. was obtained

from the following relationship:

_s/P® = 0.7}42 CA + 1
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where CAiS the forebody or afterbody pressure drag coefficient based on the
frontal area of the fuselage.

The horizontal tail and the vertical tail axial force coefficients at
zero lift were composedof wavedrag, blunt leading edge drag, and friction
drag. The wavedrag at supersonic and hypersonic speedswas estimsted using
the shock-expansion method. The drag of the blunt leading edges wasassessed
by using the modified Newtoniantechniques described in Reference 23. Friction
drag coefficients were obtained from References 24 and 25. Typical wall tem-
peratures for the horizontal and vertical tails were 2300°Rat Mach6 and 3100°R
at Mach12. A fully turbulent boundary layer was assumedfor the calculations.

The transonic wave drag of the vehicle was computedusing the equivalent
body of revolution technique suggestedby the transonic area rule. The drag
of the equivalent body of revolution wasobtained from Reference 26.

The axial force coefficients of the second stage vehicle vertical tails
were composedof blunt leading edge drag, wavedrag, tow-in drag, base drag,
and friction drag. The blunt leading edge drag, wave drag, and friction drag
were assessedwith the techniques mentioned above. The toe-in drag of the
vertical tails wasestimated with the methodswhich were used to compute

wing-induced drag. The base drag coefficients for the vertical tails were

taken from X-15 flight test data reported in Reference 27. No drag penalties

were assessed for the fuselage of the second stage vehicle for the configurations

employing conoidal (or lifting) first stages.

A complete breakdown of the component contribution to the zero-lift axial

force coefficients for the three configurations is presented in Tables XVIII,

XIX, and XX. The total zero-lift axial force coefficients are presented in

Figure 134. The lifting body curve was utilized, in addition to the Ejector

Ramjet (No. 9), for the RamLACE (No. 21), ScramLACE (No. 22), and Ejector

Scramjet (No. lO) system performance analyses.

7.6.1.2.2 Normal Force Coefficients

The fuselage normal force coefficients at subsonic speeds were

estimated by using the procedures of Reference 28. A parabolic variation of

CN with _ was assumed. At transonic and supersonic speeds, the linear theory

suggested in Reference 29 was used to estimate the lift curve slope at zero

angle of attack. The normal force at an angle of attack of 20 ° was determined

from correlated test data taken from References 30 to 34. The normal force

coefficients for angles of attack up to 16° were determined from these data.

Once again, a parabolic variation of CN with _ was assumed. Estimation of the

fuselage forebody contribution to the normal force at hypersonic speeds was

based on a modification of the tangent cone/Prandtl-Meyer technique. From test

data on conical configurations appearing in References 30, 34, 35, and 36, the
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ratio of the tested and computed normal force coefficients was determined as

a function of the angle of attack. These correction factors were applied to

the normal force coefficients computed by the Tangent cone/Prandtl-Meyer

method to obtain the estimated forebody normal force coefficients. The nor-

mal force contribution of the fuselage afterbody was estimated by using the

shock-exp_ ans ion method.

The normal force coefficients of the horizontal tail in the subsonic and

supersonic flight regime were determined from the following expression:

e

The term CN_ e is the normal force curve of the exposed horizontal tail acting

out of the presence of the fuselage 3 as determined from Reference 37. The

terms KT and KB are tall and body interference factors obtained from Refer-

ence 38. At hypersonic speeds, the normal force contri_ition of the hori-

zontal tail was determined by the shock-expansion method.

Figure 135 presents the lift curve slopes (CL _) of the various confi-

gurations. The conoldal body/wlng and lifting body configurations had essen-

tially identical lift curve slopes due to minor differences in their low effec-

tive aspect ratios. The cylindrical body/wing configuration had a higher

effective aspect ratio, resulting in a higher lift curve slope.

7.6.1.2.3 Advanced Rocket Characteristics

No attempt was made to analyze the aerodynamic characteristics

of the advanced rocket systems_ The performance was based_pon the charac-

teristic velocities obtained from the Reusable Orbital Transport (ROT) study

(Reference 19), which includes drag lbsses based on that vehicle. The rocket

vehicle geometrical characteristics generated during the ROT study and those

resulting from the Class 1 study are essentially identical.

7.6.1.2.4 Conclusions

The results of the aerodynamic analys_s of the Class 1 systems

relative to the three configurations (Cylindrical body/wing, conoidal body/wlng,

and lifting body) indicated the following trends:

1. ___._. A significant result was the reduced zero lift drag of the lift-
ing body as compared to the cylindrical body/wing and conoidal body/

wing configurations. Increasing the slenderness ratio from lO to 15

- 289 -
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through utilization of an afterbody, and eliminating the second stage

base drag through submergence, resulted in the substantial drag reduc-
tion.

The conoidal body/wing configuration exhibited higher zero lift drag

than the cylindrical body in the subsonic, transonic, and low super-

sonic regions due to base area and fuselage divergence.

2. Lift. The cylindrical body/wing configuration exhibited a slightly

greater lift curve slope due to its higher effective aspect ratio.

Hypersonically, the systems were essentially identical.

7.6.1.5 Engine Inlet Installation Considerations

7.6.1.5.1 Subsonic Combustion S[stems

The design of inlet configurations suited to the individual

air flow and pressure requiren_nts of each composite engine under consideration

was beyond the scope of this study. Utilizing the results of recent Lockheed

studies (Reference 26), a basic two-dimensional, variable geometry, multi-shock,

mixed compression inlet configuration was chosen for use in the present studies.

The inlet, operating in the vehicle flow field, was cooled both radiatively and

regeneratively with the inlet on-design (shock on lip) at Mach 3.29. With the

Mach number increasing beyond this point, the initial wedge angle was increased

to keep the shock on the cowl lip. This was also the point at which a rapid

decline in total pressure recovery was initiated, depending on the vehicle

angle of attack, in order to stay within the limiting maximum internal pres-

sure of 120 to 150 psia along the selected trajectory. This optimum pressure

range was based on results of trade-off studies of ramjet fuel consumption and

inlet-engine weight. The estimated total pressure recovery is shown in Figure

136. The mass flow schedule and drag are shown in Figure 137. The inlet drag

coefficient consists of the cowl wave, boundary layer bleed, and spillage for

the mass flow ratio of Figure 137. Figure 138 is an example of the total inlet

drag coefficient, including the engine spillage drag of the Ejector Ramjet sys-

tem (Engine No. 9).

Figure 139 is a schematic drawing of the inlet configuration. See also

previous Figures ll6 and ll7.

7.6.1.3.2 Su?ersonic Combustion S[stems

The inlet used for the supersonic combustion systems, such as

the Ejector ScramJet (Engine No. lO) and ScramLACE (Engine No. 22), is a two-

dimensional design compatible with the engine and nozzle configuration. It

employs mixed compression to obtain high supersonic combustion ramjet perform-

ance levels. Variable geometry was incorporated to satisfy the various engine

air flow requirements from boost to low hyp_ersonic speeds. The various operating

regimes and performance levels are described in the following paragraph.
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Movable compression surfaces were utilized throughout the subsonic com-

bustion regime from takeoff to approximately Mach 6 to provide the scheduled

pressure recovery and overall contraction ratio. The exit nozzle throat area
was also varied during this phase. When used in the ScramLACE System (.Engine

No. 22), the inlet incorporates a bypass door in the upper surface just ahead

of the engine face, to provide the air required for the alr-liquefaction heat

exchangers. Air is liquefied from Mach 0 to 2.4. At Mach 2.4, the primary

rocket units have been completely throttled, and the engine operates as a pure

subsonic combustion ramjet to Mach 6.0. At Mach 6.0, the inlet internal sur-

faces were moved to provide an all-supersonlc configuration. The inlet contour

was maintained fixed throughout the ScramJet operating regime. The exit nozzle

geometry was also fixed, and the continuous aft undersurface of the vehicle was

utilized to provide the exhaust expansion area. Cooling was required for all

internal wetted surfaces. The heat sink characteristic of hydrogen fuel was

employed in this capacity. Leading edges were blunted and fuel cooled. All

external surfaces were radiation cooled.

The inlet internal contours for representative Mach numbers are illustrated

schematically in Figure 140. The inlet shown achieves full capture (shock on

lip) at Mach 6.0, and has a geometric contraction ratio (Ac/A 2) of 3.0 in the

supersonic combustion mode.

During subsonic combustion, a maximum internal pressure limit of 120 to

150 psia was observed by progressively degrading the pressure recovery at the

higher Mach numbers. Inlet performance in terms of total pressure recovery is

shown in Figure 141. Inlet capture area ratio and related drag coefficient

values are presented in Figure 142 for both the ScramIACE (Engine No. 22) and

the Ejector ScramJet (Engine No. ll).

7.6.1.3.3 En6ine Schematic

The general schematic and nomenclature of the composite engines

are shown in Figure 31. Associated with the engines, but not shown, are the

other various elements such as pumps, turbines, fans, and heat exchangers. In

general, all of the engines considered in Class 1 consist of the following

basic sequence when in the ejector mode:

i. Air induction and diffusion by means of the inlet (Stations 0 to 2)

2. Addition to mixing of the primary rocket propellants with the

secondary air (Stations 2 to 3)

3. Diffusion of the mixed streams (Stations 3 to 3')

4. Secondary injection of fuel (Station 3') and afterburning (Stations

3' to 4)

5. Expansion of exhaust gases (Stations 5 to 6')
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In the Ramjet mode, only Items 4 and 5 above were utilized with primaries
inoperat ire.

7.6.1.4 Vehicle Weight Analysis

7.6.1.4.1 Weisht Estimates

This section describes the weight estimating procedures used

for this study. The weight equation, expressed in fractional form, is used.

These equations were developed and are presented in Section 6.5.1.3 for the

first stage burnout and fixed weights. In evaluating the weight fraction inputs

to these equations, extensive use was made of previous design studies of the
Reusable Orbital Transport advanced air breathing vehicles (Reference 26) and

the hypersonic cruise vehicles (References 39 to 42). These weight fractions

and other unit weight data, the baseline first stage weight summary, and several

design perturbations on the baseline stage with weight sun_nary comparisons are

presented in this section.

7.6.1.h.2 First Stage Burnout Weight

The first stage burnout weight is expressed as follows:

AWC AWLD

WAo = _ WF+wD )+ (wc)_+WAo (WAo
(12)

Where

WAo

Wp

W D

= First stage burnout weight at staging velocity

= Residual and trapped propellant factor

= Propellant weight

= First stage dry weight

AW C
= Turn and cruise propellant fraction

W_o

WC
Landing propellant fraction

W C = First stage weight at end of cruise
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Substituting and rearranging the following into Equation (12) for W_o:

Wp = W B + AW C + AWLD
(13)

_WC

Wc w_°° _Wc W_oo w_o
(1_)

where

W B =

yields

Boost propellant to staging velocity

AWl/) AWc ]+ (-¢_-c)wi_° (i wi_o)

AW C

+ wD (w-T--)
%o W_b°

AW C

(!))

The first stage dry weight may be expressed as

WLEI2T

wD=w F+K 2w l+K 3w_b o+(w--_2)(l+K 1) w_2
(wW-_)(l+ + KI) WLO X (16)

Where

WF

W 1

= First stage fixed weights; i.e., independent of propellant,

takeoff, or burnout weights

= Factor for systems dependent on f_st stage takeoff weight

= First stage takeoff weight
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= Factor for systems dependent on first stage burnout weight

WLH2T

WLH 2

Liquid hydrogen tankage factor

WL_ 2 = Usable liquid hydrogen (L_2)

w_
WLOX - Liquid oxygen (LOX) tankage factor

WLO x = Usable liquid oxygen

Substituting Equations (17), (18), and (19) into Equation (16) yields

AW_

W_x=w,_x+_,_x=w,_+(O/F°/_,_(V)w_oC'-_> C,7>

= wB + _w_ + _wc = wB )WLE2 LE2 L_2 LE 2

...................... I (18)
i AWeD AWc AWc

+(oI_+_(_)_ (_-_o)+(_ _%0'

Where

WBLo x

AWLDLo x

o/F

W I = Wlb ° + WB

= LOX used during boost

= LOX used during landing

= Oxidizer/Fuel mix ratio

(19)

- 3o2 -



Report 25,194

Volume 2

WBLH 2

AWLDLH2

= LH 2 used during boost

= LH 2 used during landing

yield s

r
W D

= W + W L| K2 + K3 +-

WLH2T

WLE2

AWLD AW C

(i+ KI)(o/FI+i)--_-c (i-_o )

WLH2T AW C

-- (l + Kl) _o ++ WLH 2

(0__q_)(AWLD)(I__W__i_C)q
WLCXWLcxT(1 + K1) O/F+l WC W L j

DO

WLE2T

+ K2 WB -- (i + KI) WB +
+ WLH 2 LK 2

%OK _ (_ __)
WLO x + WBLox

(20)

Equation (20) is substituted into Equation (19) and solving for W_o yields

Wlt° =

WI_2T

wF + (Kl + _) w_+ (i+ Kl)(W--_2)w_m + (l+ Kl)
2

AWC WLE2T AWLD AW C

I'K2-K3"(_+K_)[(w----)(_bo+ WLH--7)*(--_-C)(_"_-_o)

(WLox_)
WL0 x WBLo X

WLK2T WLO_1 O/F q
(z + _ |

WLE2
J

(2z)
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If no 02 is used by the system during landing (e.g., O/F = 0), Equation (21)
reduces to

Wlbo=

WLH2T

wF + (%_+r_)wB + (l+Kl)(w-_--2)wBm2

WID

(l+K1) (W_x_ )+ WBLox

w [ W o]l'K2-K3-(l÷K1)(1 _ ) (W_o)+ _wm+ (-WT-c)(i

(22)

Substituting the following into Equation (22):

K1 = 0.027

K2 = 0.0209

K3 = o.o135

W_x_

WLOX = 0.0255

yie ids

• WLK2T

WF + 0,0479 WB + 1,027 (W--_-2) WBLE2 + 0.02619 WBLox

Wlbo= [ WL_2T ] [AWe AWLD AWc ] (23)[ Vo'
Based on design layout performance analyses, suitable values for each of

the unknown factors and weights were obtained. These values were substituted

into Equation (23) and the burnout weight for each candidate system was calcu-

lated. By adding and subtracting the propellant requirements for the mission

segments the gross, cruise, landing, and dry first stage weights were obtained.
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7.6.1.4.3 First Stase Fixed Weigh t

The first stage fixed weight equation is written as follows :

wF : wm + W=s + W_s+ wE + Wv_+ WEQ+ wm + w_G + w_ + Wps (2_)

Where

%

WINS

was

WE

W=

W_.Q

WLG

= Heat shield weight

= Insulation weight

= Aft structure weight

= Elevon weight

= Vertical fin weight

= Constant equipment and system weight

= Landing gear weight

WEN G = Engine weight

WIN L = Inlet weight

WpS = Weight of propellant systems, thrust, and engine support structure

Equation (24) is arranged in the following form:

WES WINS

+ (_) S=s
WAS

+ (_-_)SAs+ (_)%

WLG TSLS %
+ (-fl="_)Ac

(_/W)ENo G

+ (WPs)
TS----_ TSLS

(25)

Where :

S

= Average unit area weight of pertinent element

= Area of pertinent element
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WT0 = Vehicle takeoff weight

TSL S = Sea level static takeoff thrust

The areas and unit weights were calculated from design layouts and analyses.

7.6.1.4.4 Wei6ht Fractions and Unit Wei6hts

Table XXI presents the average unit weights which were used.

They were derived from the Reusable Orbital Transport advanced air breathing

and hypersonic cruise vehicle studies (References 26, 39, and 40).

The heat shield was composed of shingled skin corrugation columbium and/or

inconel, depending on the local thermal environment. Individual panels were

supported by hat shaped ring segments. These were supported at each end by

a hat shaped clip attached to the post. Longitudinal expansion was absorbed

by bending deflection of the vertical leg of the hat, and transverse expansion

was absorbed by bending deflection of the vertical leg of the hat shaped clip.

A plugged hole on the heat shield at each post provided a means for attaching

and/or removal of shield and insulation for inspection.

The insulation system consisted of i/2 inch of 4.6 lb/ft 3 polyurethane

foam (bonded to the tank wall) and reinforced with fiber glass threads, which

improved the tensile strength of the foam to an acceptable value. The outer

surface of the foam required a vapor seal such as fiber glass to prevent the

foam from becoming saturated and/or liquid reaching the tank wall, resulting

in cryopumping. One and one-half inches of 6.2 lb/ft _ Fiberfrax felted ceramic

insulation was used externally, supported on a chicken wire type mesh at the

outer diameter of the rings and contained on the outside by the heat shield.

The aft body structure was fabricated from Inconel 718 (FRE F = 150,000

psi). The average optimum skin gage required was tS = 0.023_; this was multi-

plied by the stiffener factor of 1.66. The ring factor of 1.hO was applied

to the combined skin plus stiffener equivalent thickness. A nonoptimum factor

of 1.20 was used on the total to allow for attachments, Joints, and similar

considerations.

The above values were derived for a maximum air breathing Mach number of 8.

For Mach 12, an 8 percent factor was applied to the heat shield and aft struc-

ture and 15 percent to the insulation. These adjustments were based on the

more severe thermal environment encountered at Mach 12.

For the Mach 12 system, the elevons were made from coated columbium

(CB752 having physical characteristics assessed at T = 2250@F). The struc-

tural analysis was based on an elevon having a thickness ratio of 5 percent

and a leading edge sweep angle of 70 degrees. The surface weight came to
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TABrY. XXI

CLASS 1 AVERAGE UNIT WEIGHTS*

Reference: Equation (25)

Weight Fraction

WHS

SHS

WINS

SINS

SAS

WE

%?

Average Unit Weight

(lb_/_ a)

1.42

1.07

2.86

_l._l

T.68

= 12

1.54

1.23

3•lO

13.70

9.20

* Including 2 percent design contingency

- 3O7 -
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7.60 lb/ft 2, the ribs and attachments added 4.10 lb/ft 2, and the fairing and

pivoting provisions added 1 lb/ft 2 each, resulting in a total of 13.70 lb/ft 2.

The vertical fins had lower loads, resulting in a lower unit weight. These

unit weights were reduced by 19 percent for Mach 8 operation.

Table XXII presents the constant and variable components for the equipment

and system weights. Table XXIII presents the uninstalled engine thrust-to-weight

ratios for the respective design internal pressures. The T/W ratio of the ad-

vanced rocket was 160, which was assumed to be representative of a very ad-

vanced 02-H 2 rocket engine. Theweights of engine systems Nos. 12, 24, and

32 were obtained by using the ratio from the subsonic combustion systems and

applying it to the basic supersonic combustion system. The weights of the

remaining systems were supplied by Marquardt for a 250,000 lb sea level static

thrust unit engine. A linear interpolation between lO0 and 250 psia maximum

internal pressure was used to get the 150 psia engine data.

To establish a basis for the inlet weights, an estimate was made of an

inlet for the cylindrical body/wing configuration. This inlet had a capture

area of 375 sq ft and a maximum internal pressure of 120 psia. This weight

estimate appears in Table XXIV. Figure 143 shows the effect on the specific

inlet weight of varying maximum internal pressure. Since the bottom of the

lifting body acts as a compression surface, the shock generator may be elimi-

nated for the lifting body configuration. The smaller engine face area of the

supersonic combustion ramjet allowed the engine to move forward, resulting in

a shorter diffuser section and lower specific weights than those for the sub-

sonic combustion ramjet.

The weight estimates for the propellant and engine systems are given in

Table XXV. Engine controls, engine compartment cooling, and oxidizer systems

weights were partly derived from data in Reference 42. The remaining systems

and structural wei@ht estimates were based on design studies and data developed

in supporting ROT advanced air breathing vehicles (Reference 26).

The tank cruise and landing propellant factors are shown in Table XXVI.

The liquid hydrogen tankage factors were developed using 2.22 lb/ft 2 (Refer-

ences 40 and 41) for the body/tank structure, and insulation and shield specific

weights in Table XXI. These unit weights were applied to the design vehicle

layouts, resulting in the tankage factors. A factor of 0.0255 lb/lb was used

for the liquid oxygen tankage. The cruise and landing factors were based on

the performance discussed in Section 7.6.2.5.

7.6.1.5 Second Sta_e Performance and Sizin$

7.6.1.5.1 Second Stase Performance and Payload Extrapolation

The second stage performance and payload extrapolation tech-

nique presented in the following section was actually generated in the Class 2
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TABLE XXI!

EQUIPMENT AND SYST_?4S WEIGHTS*

USED IN CLASS 1 VEHICLE WEIGHT ESTIMATES

Volume 2

Item

Cabin structure

Protection system

Personnel compartment

Auxiliary propulsion system

Environmental control system

Gui&ance/Navigation

Control actuation

Electrical power

Instruments

Communication

Personnel

Separation rocket

Separation mounting

Separation controls & equipment

Contingency (2%)

Constant

Weight

(lbs)

1400

79o

860

550

4%o

64o

14oo

67o

65o

150

Variable Weight Factors

W

0.0058

O. 0130

o.OOZT

O. OOO4

O.Ol03

0.0020

O.OOlO

0.0002

TOTALS: 7790 0.0209 o.0135

_ased on Reusable Orbital Transport Advanced Air Breathing Vehicle

Studies (Reference 26)
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TABLE XXIII

UNINSTATLk_ ENGINE THRUST-TO-WEIGHT RATIOS

USED IN CLASS 1 VEHICLE WEIGHT ESTIMATES

System

AR

ERJ

ESJ

SF2J

SESJ

RL

SL

RRL

RSL

SRL

SSL

RSRL

RSSL

Engine
Number

O

9

IO

ll

12

21

22

23

24

29

30

31

32

Maximum

Internal
Pre ssure

(psia)

(T/W)uninst

N

150

1OO

150

lOO

150

lOO

15o

iO0

15o

lOO

150

1OO

16o

31.40

29.oo

26.45

24. o7

19.36

16.8o

16.21

13.95

1T.92

14.8o

15.29

12.53
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TABLE XXIV

WEIGHT ESTIMATE FOR AIR INDUCTION SYSTEM,

CYLINDRICAL BODY2N_NG CONFIGURATION

A c = 375 ft 2 PT2 = 120 psia

Item

Shock generator

Ramps

Radiation cooled

Regeneratively cooled

Pressure shell

Inlet side plates

Duct & transition

Ramp actuation & LE 2
manifold s

Bleed system & bypass ducts

Access & service provisions

Totals for 6 Engines

1350

105o

79o

213o

1385

1465

-_, 3_0

6,300

6,320

11,600

11,0£0

9,45o

_,200

3,500

1,000

TOTAL : -- 65,770

Ib/ft 2 of A -- 175
c
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TABLE XXV

PROPELLANT AND ENGINE SYSTEMS WEIGHTS

Component

Engine controls, engine compartment and

cooling provisions, etc.

Fuel distribution, vent, drain, control

systems, etc.

Oxidizer distribution, vent, drain,

control systems, etc.

Engine mounting structure, thrust

loading carrying structure and

engine fairings:

Thrust acting below body (PJ)

Thrust acting on aft expansion surface (SJ)

W/T

0.0012

o.ooho

0.0o30

0.01025

O.OOTO
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TABLE XXVI

TANKAGE, CRUISE, AND LANDING PROPELLANT WEIGHT FACTORS

System

AR

EPJ

ESJ

SEPJ

SESJ

RL

SL

EEL

RSL

SRL

SSL

RSRL

RSSL

Engine
Number

WLH2T

WLH 2

(Including heat shield

& insulation )

A WC

Wzbo

0

9

i0

ll

12

21

22

23

24

29

30

31

32

o.259

o.4o9

o.416

o.4o9

o.416

o.341

0.339

o.341

0.339

o.341

0.339

o.3_1

o.339

0.0937

0.0322

0.062

0.0195

0.062

0.0257

0.058

0.0257

0.058

0.0257

0.O58

0.0257

0.058

WLD

W C

0.0092

o.Ll60

O. 1020

O.OO32

O. 0032

o.o336

o.o336

o.o336

o.o336

o.0032

0.0o32

0.0032

O. 0032
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study. However, because of the increased depth of analytical penetration and

the use of computerized solution, the Class 2 analysis was utilized for both

Class 1 and 2 to avoid inconsistency in comparing payloads. As noted, the

basic stage design and performance items were derived from General Dynamics/

Convair studies under Contract NAS8-11i63 (Reference l, see Section 3.3).

The second stage analysis consisted of

l. Determining ideal characteristic velocities from the spectrum of

staging velocity, flight path angle, and dynamic pressure to injec-
tion at various orbital altitudes

. Determination of payload in terms of invarient mass (or cargo weight

for a personnel complement of 3.2) as a function of stage gross weight

and characteristic velocity

7.6.1.5.2 Characteristic Velocities

Second stage ideal characteristic velocities were determined

along "calculus of variations" mini_mn fuel paths from staging to injecticn.

Figure l_i presents the second ascent performance matrix resulting from the

study. The AV values to 50 n. mile injection included the 1923 fps post

injection requirement to provide for transfer, retro, launch window maneuvers,

and velocity reserves. The matrix provided performance for various staging

velocities from 4500 to 20,000 fps and staging flight path angles from 0° to

30 °.

The analysis also indicated the effect of dynamic pressure on second

stage performance to be negligible at 8000 fps between 100 psf and lO00 psf

(_ = 0 degrees). For a ].2,000 fps staging velocity, a 200 fps increase in AV

requirement was incurred by increasing the dynamic pressure from lO0 to lO00

psf at y = 0 °. For 20,000 fps, the AV requirement increase is 600 fps.

The results of injecting at altitudes other than 50 n. miles are pre-

sented in Figure 149 for various staging conditions at 8000 and 1.2,000 fps.

The data indicate, the desirability of decreasing the injection altitude to

30 n. miles. However, because of a performance _aln of only 200 fps while

incurring two orders of magnitude greater dynamic pressure and a substan-

tially increased thermal environment, the 90 n. mile injection altitude was

retained.

The second stage thrust-to-weight ratio (T/WI! = 1.0) represented a

maximum performance value for rocket type staging conditions (low q, high 7)

as generated in Reference 26. Previous studies indicated that, for airbreathing

system staging conditions (low q, higher _), the second stage payload ratio

-;as maximized by increasing the post-staging thrust-to-weight ratio.
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7.6.1.5.3 Payload Extrapolation

The programmed second stage equations developed under the Re-

usable Orbital Transport (ROT) contracts (Reference l) were used to determine

the gross payload in orbit. Gross payload includes the personnel and cargo

plus the supporting systems and structure. Its definition is presented in

Table XXVII. The plot of gross payload versus cargo weight of Figure 146

was computed by using this equation for a fixed personnel complement of l0

passengers and two crew members.

The second stage weight equations are presented in Table XXVIII. These

equations were programmed on the computer for varying characteristic veloci-

ties. The resulting second stage weight and gross payload weights are plotted

in Figure 147. This figure was used to compute the Class 2 payloads. The

point design vehicle from Reference 1 is shown in the figure (W2 = 328,711 lbs,

AV2 = 21,687 fps).

7.6.1.6 Vehicle Payload Performance Determination

Utilizing the Class i system design data (aerodynamics, in-

stalled propulsion, and weights) described in Sections 7.6.1.1 to 7.6.1.5,

the payload performance of the 12 Class 1 systems was determined for the

baseline mission profile from liftoff to landing. An advanced rocket system

was also analyzed to the same ground rules by using basic performance data

generated during the Reusable Orbital Transport study (Reference 19).

The various systems were analyzed sequentially, subsequent to an analysis

of the second stage performance and payload extrapolation. The effects of

various perturbations are discussed below.

The performance characteristics were subsequently treated for each of the

12 selected composite propulsion systems (Nos. 9, 10, ii, 12, 21, 22, 23, 24,

29, 30, 31, 32) and the advanced rocket (No. 0).

The systems utilized a horizontal runway takeoff at a gross weight of

1.0 million pounds. The flight profile consisted of a liftoff at a 16 ° angle

of attack, an acceleration to Mach 8 (subsonic combustion ramjet terminal mode)

or Mach 12 (supersonic combustion terminal mode) with an air breathing pullup

to the staging point. Following entry, the first stage reached Mach 2.5 at

95,000 feet, where a power-on turn and cruise was initiated; this was followed

by a power-off equilibrium glide to the launch base, and a power-on landing

allowed for 5-minute loiter.

To demonstrate the methodology used in establishing system payload per-

formance, a representative Class 1 propulsion system, the Ejector Ramjet

(Engine No. 9) evaluation procedure is fully described to complete this section.
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TABLE XXVII

EQUATION FOR GROSS PAYLOAD (W_AYLOAD)r IN ORBIT

Cabins, compartments

Personnel compartment

Auxiliary power unit and separation system

Environmental control system

Guidance and navigation

Control actuation

Electrical power

Instrumentation

Communications

Support system

Contingency

Personnel

Cargo

1,801 Ibs + 0.1944 NCp

52N

1,091 ibs + lON

_64 + 20N

261

wr.2x3
28--

SpI.A_.

8OO

0

3O2

wi.2x3
15.8 --

SPLAN

3_ of above

(22o + 39._)_

NC
P

Z : WIM : 4819.37 + (84.46 + 0.199032 Cp)N + 49.114 --SpLAN + 259.9 + Cp N

- 319 - "
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TABLEXXVIii

REUSABIEoRBITALTRANSPORTSECONDSTAGEWEIGHTEQUATI0_S
,i/

Bod_ structure

Basic body

Access

Thrust structure

Miscellaneous

= o.38 s_

= (o.ooo8)_

Cabin_ ccm_.artment_s 2ERS

Personnel compartment = 900 + !.15 _COMP.

= !80
Canopy

CARGO

Cargo compartment _- l.h VCOMP.

1
1

Aerod_rnamic devices

- = 9._ (l_ x _Ua) 1

Elevons 6.8 (20_ x SpLAN)
Vertical

Elevon attach structure 0.07 SpLAN

Vertical attach structure 0.19 SpLAN
= o.2_ SpL_

Engine fairing

La_ndin 5 and docking s_ste__
= 0.036 WLDG

Landing gear

Landing gear attachment = 0.0061 WLDG

Main landing gear bay _-0.002 WLDG

= o.oo08 WLDG
Nose gear bay

= 220
Docking structure

3.o7_ aw+ 0.0008T

680 + 1.15 VAL

3.119 _LAN

220 + 0.o4&9 WLD G

Thermal ?rotection

-- Cover panels = 0

External insulation = i._i _W 2/3

Cabin insulation = 5.2 (_C0_)

Personnel commartment "_

(No. of Pets.)

+ I.&V
C.C.
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TABLE XXVIII (Continued)

Main propulsion

Main propulsion =

Engine attachment =

Oxidizer tank =

Oxidizer tank mounting =

Fuel tank =

Fuel tank mounting =

Oxidizer tank insulation =

Fuel tank insulation =

Propellant distribution system =

Propellant pressurization

and ventilation system =

Auxiliary propulsion

Auxiliary power unit =

O.lb,6T+ 300

0.00138T

0.0181 W o

0

0.108 WF

0.0108 WF

0

1.555 (VF) 2/3

o._4o5 SpLAN

0.0672 VpRoP

lO (No. of Pers.) + 831

Attitude control system = O.O171 WLD G

Separation system = 220

Long term facilities = 0.0053 WLD G

Enviro.nmental control system

464+ 20 (No. of Pers.)

Guidance and Navigation = 261

Control actuation

28 wnDo/Sp_

Electrical powe_ = 800

Instrumentation = 0

Communications = 302

Support systems

15.8 Wum/Spum

Ranse Safety/Abort = 0

300 + 0.01598T + 0.0181 W 0

+ 0.1188 WF + 1.555 (VF) 2/3

+ 0.4205 SpLAN + 0.0672 VpROF

1051 + ION + 0.0224 WLD G

r
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TABLE XXVIII IContinued)

Contingency

0.03 Zw

Personnel

(220 * 35.5) (No. of pers.)

Car_o = 6615

Reserve _ro_ellant and service items

0.005 WpRop

Residual propellant and service items

Residual oxidizer = 0.005 W 0

Residual fuel = 0.03 WF

Long term propellant = 0

Reaction control propellant = 0.O215 WLD G

APU propellant = 543 + 30 (No. of pers.)

In-flight losses (Boil-off I = 0

Thrust decay = 60

Full thrust _ropellants

OXID = W 2 i - _ WpRo P

FUEL = W 2 i - _ WpRo P

Thrust buildup

Oxidizer = 210

Fuel = 30

Preignit ion losses

0.00182 WpRoP
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TABLE XXVIII (Continued)

Volumes

Fuel tank

Oxidizer tank

Fuel tank insulation

Personnel compartment

Cargo bay

Structure

Equipment bay

Main landing gear

Nose landing gear

Docking hatch

Unusable

Oxidizer tank insulation= 0

[ l]= 0.2463 WF = 0.2463 1 - _ 0.125 W 2

= 0.01482 W 0 = 0.01482 1 - 0.875 W 2

1
--o.oo147(1 - _) w2

60 (No. of pets.) + 255 = 975 at N = 12

= 0.111 WCARG 0

= 0.667 S = 1.7615 S
W p

=0

= 0.001 WLD G

= 0.0006 WLD G

=0

= 0.116 VBODY

o.oo16 w L

+ 1200

Design criteria constants

No. of personnel

Contingency

WJWp

WF/W P

V ,2/3

Sw_w/(VBoDY)2/3

12

3_

o.875

o.125

2.45

6.47

= 2.641 Sp

IO/F
=7
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Note, however, that all Class 1 systems were not exercised to the extent indi-

cated here. The Ejector Ramjet can thus be viewed as a "pilot case" in the

Class 1 mission studies. A significant number of perturbation analyses were

conducted to identify desirable system and operational approaches and to estab-

lish general engine performance sensitivity trends.

The Ejector Ramjet, it will be recalled (Section 6.6), is the parent con-

cept of the non-air liquefaction series of four Class 1 concepts. As such,

it is characterized by a high engine thrust/weight ratio and a relatively low

initial acceleration specific impulse capability.

The section is organized in terms of the first stage mission flight se-

quence, including ascent performance, prestaging airbreathing pullup performance,
return to base and landing performance, and payload performance.

7.6.1.6.1 Ascent Performance

The system has a takeoff speed of 3_1 fps (i0 percent velo-

city margin) for a 16 ° angle of attack. Liftoff (with margin) was effected

in 1450 feet; a CAR runway length requirement of 3970 feet provided for an

aborted takeoff (Reference 43).

Determination of the minimum propellant plus propulsion weight ascent

path for the Ejector Ramjet system (No. 9) was representative of maximum

payload performance as indicated in Section 6.}.l.1 where it was shown that

this parameter was the dominant variable in maximizing the second stage gross

weight for a given airbreathing vehicle and AV. By uslng this parameter as

a criterion, the following procedure was established in determining the sys-

tem ascent path, propulsion system sizing, and desired planform loading:

The system was parametrically analyzed to determine incremental propel-

lant consumption for

Flight paths of 500, I000, 1500, and 2000 psf dynamic pressure

(Figure 148)

Takeoff planform (Wo/Sp) loadings of 60, i00, and 140 psf

Various complements of the nominal 2_O,O00-1b ejector ramjet with a

representative capture area per engine of _8 sq ft

Variable engine throttling from 100% primary flow to O_ (pure ramjet

operation)

Cylindrical body/wing, conoidal body/wing, and lifting body first stage

configurations
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The incremental propellant consumption during a given Mach number inter-

val for airbreathing type systems (where _ _ 0) is given by

_v+ a__h_h
AW g Vave

_- = I (i - Drag/Thrust)
sp

where sufficiently small Mach number intervals were chosen such that the linear

mass increment was equivalent to the exponential increment. Parametric deter-

mination of the incremental propellant consumption and comparison at a given

Mach number interval indicated the dynamic pressure level and throttle setting

for minimum propellant consumption.

A minimum propellant path is thus initially described, providing that the

desired dynamic pressure level is relatively invarlant from increment to incre-

ment, thus insuring no major error in the gravity loss factor. Integration of

the incremental consumption along the path yielded the total propellant con-

sumption.

Propulsion system weight was determined from the number of engines and

the inlet weight as a function of the maximum internal pressure (PT2) experi-

encedduring the ascent. The number of nominal engines was determined from

summing propellant plus total basic engine weight only from Mach 0 to ramjet

takeover, since the capture area has only minor effect on the propulsion per-

formance in this range. The capture area weight was determined by summing

the fuel plus inlet weight from ramjet takeover to alrbreathing termination

where the inlet weight is a function of capture area and maximum internal pres-

sure (Pw2).

The sum of integrated propellant consumed and total propulsion system

weight also indicated the desired vehicle planform loading for maximum ascent

performance.

The results of the parametric performance study indicated a maximum plan-

form loading (100 psf) to yield the minimum propellant plus propulsion weight.

Vehicle design, however, indicated planform loadings of approximately 70 psf

to be more representative of the system; consequently detailed performance

and ascent path determination will be described for a Wo/Splan = 70psf.

The vehicle total drag along the various paths is presented in Figure 149

for the lifting body configuration of Figure 129. The lifting body system

was utilized in the basic analysis, with the other two configurations (Figures

127 and 128) treated as perturbations. The initially assumed weight variation

with velocity as utilized in the drag calculation is also presented in Figure

149.



VAN NUY$, CALIFOBNIA
Report, 25,194

Volume 2

F-

CD

UJ

r_
Z
<
QD
<
ew
e_

400"

300-

v

0
0
0

200"

I00"

em

i000

800

600

0
0
0

400

2OO

0

ii!l:iiiii:iiii!iI!!iil!ii!I:iiil!ii:lii!!i_!l!ii!li_iI_iil!iii_!iii::ii
iii!li_!i!!_!l_ii!l_i!l!_!il_!!_!ii_il_i__I_!I_i_I___iii!!_l_!__

'I'i
!i_!ii_, I_ti[;-A_sSU-MED':.i!i::Iii_l:I_i!:l__,_i_;ii_.

:ii ":: ::'_':::1::': : : :: : :::: : : :::i:": :: ': ':_-.I:.... :_ .....I.l ....f....t....... t.... I 1-!

::::::::':::!!::::::!:::;:::::::'I:I_`:: :::::I :

_!:.it!i !!ifi-_if::ii!fiii!!_:-ii}i::ii/::!!it:::!l!::::iI:: i!i:{i.ii::!:i::ii_
....... t ................... t .,I. ,_..t_.......t....:,:_:t...:_....t....I....1:.,:.....: ........... "

ii::ii,::i!;i!_ii_.ii!_!!!-i:DYNAMIC PRESSURE PATH .....

;......._:! ........,:_.,.......
:_i::i:: i_iii-x-;_:N-:::-:: '.:::t: :::::::::::::::::::::::::::

:i!il i'_ij_! ::i_-:: i_<!- !__1500 it!!iif!!!i[_:i_ i-:::I! i_:

 ooo --..........
_.!:i:: i'!:! !T!:. il!!!i__

0 2 4 6 8

MACH NUMBER

FIG.IRE 1_9. Drag and Weight History for the Class i

Ejector Ramjet (No. 9) Lifting Body



VAN NUY|, CA|fFOIINIA Report 25,194

Volume 2

The installed propulsion characteristics from Section 7.6.1.1 were utilized

in the analysis.

The variation of internal pressure as a function of Mach number, angle of

attack (3 ° wedge angle), and dynamic pressure was parametrically computed and

presented in Figure 190 as isobars on the altltude-veloclty plot. This enables

the determination of engine and inlet weights as a function of flight profile.

The incremental propellant consumption was calculated by utilizing the

prior input data. A typical incremental weight variation as a function of dy-

namic pressure path is illustrated in Figures 151 and 152 for both the primary

and the ramjet mode of operation.

Pertinent points illustrated are

i. The flight profile from liftoff (Mach 0.4) to Mach 1.0 is essentially

determined by the maximum dynamic pressure path due to the extremely

large propellant consumption influence.

. The mean dynamic pressure level between Mach 1.0 and ramjet takeover

at Mach 1.8 appears to lie at about 1750 psf, to preclude high grav-

ity loss penalties incurred with rapid flight path variations at

low speeds.

. During ramjet operation from Mach 1.8 to Mach 8.0, relatively minor

differences in propellant consumption are experienced for dynamic

pressure levels above lO00 psf. The flight profile in this range

will be primarily dictated by the internal pressure environment.

The effect of primary throttling from lO0_ to 0_ (pure ramjet) is illus-

trated in Figure 195. The substantially decreased thrust offsetting the spe-

cific impulse gain, with a partially throttled primary, precluded throttling.

At ramjet takeover, however, the specific impulse gain was substantially large

enough to offset the low thrust available with the primary inoperative (0_).

In conclusion, the engine will be throttled from 100% primary flow to pure

ramjet operation in a relatively small velocity interval.

The sizing of the basic engine complement and selection of the path from

Mach 0 to 1.8 (ramjet takeover) is contingent upon minimization of the propel-

lant + basic engine weight less inlet during this interval providing that

i. The capture area derived from Mach 1.8 to 8.0 is approximately equal

to n x 58 ft 2 as utilized in the inlet external drag calculations.

. The maximum internal pressure experienced from Mach 1.8 to 8.0 does

not substantially alter the minimum propellant and engine weight siz-

ing point.
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The propellant from Mach 0 to 1.8 plus the basic engine weight for the

various dynamic pressure paths is presented in Figure 15_ as a function of the

number of 290,000 lb sea level static thrust ejector ramjet engines. The anal-

ysis indicated

I. No major influence of the internal pressure is experienced at Mach 8 on

the basic engine complement selection.

2. The minimum propellant + engine weight occurs at n = 5 (T/W + 1.2_)

but the curve is relatively flat.

3. Maximum performance occurs for the maximum dynamic pressure path.

_. The effect of tankage weight on the selected engine complement appears

to be negligible, since for a hydrogen tank weight of 0.20 lb/lb_,

a LOX tank weight of 0.029 lb/lbLOX, and an oxidizer-to-fuel ratio

of 7.0, the total tankage weights are only 98h0, 9340, and 91_0 lbs

for Mach g.5, 5, and 5.5 engines, respectively, and will not alter the

minimum.

9. The selected system indicated a relatively minor penalty in limiting

the maximum dynamic pressure level to 17_0 psf in the potentially

critical transonic gust region.

6. The effect of ascending a lower sonic boom path is indicated by the

500 psf q path data to represent a potential penalty of at least

80,000 lbs in system weight.

The sum of integrated fUel weight from Mach 1.8 to 8.0 plus the inlet

weight was analyzed for the various dynamic pressure levels as a function of

vehicle capt_e area. The results of the analysis are presented in Figure 195

which indicates that a dynamic pressure path of 1500 psf and a capture area of

290 ft2 resulted in a minimum fuel plus inlet weight. The 2000 psf q path,

while consuming less fUel, experienced a high internal pressure and conse-

quently a high inlet weight.

Investigation of the internal pressure effect was made by altering the

1500 psf q path to become tangent to the isobars of Figure 151. The perform-

ance criterion for this analysis becomes the total integrated propellant from

Mach 0 to 8 plus total propulsion weight due to the influence of internal pres-

sure on the basic engine weight. Figure 156 presents this parameter as a

function of internal pressure and indicates a minimum at approximately 150 psia.

The selected air breathing ascent profile for the ejector ramjet system

is presented in Figure 157 based upon the path yielding minimum propellant plus

propulsion weight frcm Mach 0 to 8. An engine complement of five 2_O,O00-1b

engines (T/W = 1.25) with a total capture area of 290 sq ft was selected on the

same basis. The selection may be altered by the following considerations:
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; IE :_i::T:i:_iii.i!__i::!!iii!![iil]iiii!i i::t_i I::i!, q PATH

' I:: ; : : :;:; ;;:; X:I'::, ::;. ::::}:. : i::: ::: O_::,:::),,:I,_.t,,.::_::,.:_.):,,{:; :::I :: . 500
!!i:lil iIii:iliiiiliL;i._iL! '_i_!iiil! iili_:ili:!il!ii I X I000 _::
ii;i', i:iiiii[{iiiiii iiii::i,  :xii}i a zsoo

...I,..... .::;!i:: ::::

[;; ;;;:li!_"-F '._-;i It; !:li ::r I r '' ::!t!!: _,.i i;;q

I..... _.....................,'-' ;--_:,,, t: ; : _ _: } } '!iili!:ii::.:!!iii]
.................... :,.,I,-.. _ ..........tt f .................

_SELECTED _'_"i,_ !_i!_i!iriii![i!ii fill ;:i::j::iiii_i:.i
, ,, ,,R, F) _-,,-', ' _ ......... "+_i[i_:!_iSYSTEM ( E -. ,::. ,_: :, ...._._L..I....1,.. ii- ,

260 280 300 320

(FT 2)

2:4 2:6 2:8 3:0
(M 2)

INLET CAPTURE AREA

F!GUR_ 15_. Inlet Capture Area Sizing for the Ejector Ramjet (No. 9)



VAN NUY$, CiLIPOENIA
Report 25,19_

Volume 2

--_ 184
UJ

Z
O

c_
-J

=3
CLv
o I83
e_O

0

F-- ""
Z
<
.J

" 182
uJ
D.
0
,v.
gl.

406

404
I:D
._1

O
0
O
,--i

"" 402

4OO

120

iiiili!iili!iili!iiiiiiiii!i]iiiilliiiliiilIili!iiiiili:!il!iiiIiiiiilillii_i[!iilI!iii_iiiI!!_i
":::t I ] 1 } t!:': :;:; ::;' '.i: ;::: :-............ ' ..... " '

;.. I ..... i.:::{;!.,|::;E},i,. |, #..'lt_ -- ,'7,../
i:!i!ii!!_!i!{iiil!i![{!:i!i[_"

_:,!::i':I!},I\:,!iill;!,t!i:,it::_Is = _oo
_ii::it:ilili:_itN'i:::[iiiilL...... I .... = 5 ....

...;| .... , .;., ..................

FT2 ! _L!!I,i!l!i!!I!!!_

i!!ir!Ti::iiiii::tiii_!!i_:!'iii_tii:_!t71!17:_:.i1!:.it : l::_:.:.tii_itiiT_liii!l!!il 7:_.f_,i
i_:!!!t!!!T:::_itii_:!l!{::i,_..!!i[!ii!li!!!iiri!l_;,__ilii.!! i!ti _/i!!_ili!i!t!ii_t:_:• . i_.._! .......... I . .l .... l . i.i_" ...... : ........ :.: •

i!iT:iiiF::::iliiill}ililli:itili 'i1 __:_....t;i:::_::itii
ri ; :: ::: :i;; "::,2 ";'.i i;: ;;'. :;,: :;:; '.:!l:;:I;+2;: :;.'7211 .....

;:* M R F) '''_' ' ..... " 1 ........ i ..........- SELECTED SYSTE ( E , , 1 ..... , 1

150 140 150 160 170

MAXIMUM INLET INTERNAL PRESSURE - PT2(PSIA)

FIGURE 156. Effect of Internal Pressure Path of Integrated Propellant

Plus Propulsion Weight from Mach 0 to 8 for the Ejector Ramjet (No. 9)

- 338 ""



VAN NUTS. C&LJPOINdA
Report 2_, !94

Volume 2

6

lJO00I

,:S
N

("')4)

3onl117v

2_ 2_

o',.

Z

._

o

o
Q.)

f--i

01

CD

g)

O

r-_
.,-4

o

D.

+_

o
01

o

u]

c_

.- L L



Report 25,192

Volume 2

io A dynamic pressure limit of 1750 psf was selected on the basis of

transonic gust load factors on lifting surfaces. Although the trend

is to a higher dynamic pressure level in the Mach 1 to 5 region, the

incremental propellant consumption as illustrated in Figure 153 may

not warrant the higher load exposure.

. System optimization studies in the Class 2 analyses may alter the

terminal altitude at Mach 8 and the capture area to provide more

favorable initial conditions for the second stage at separation.

The selected system weight variation with Mach number and propellant dis-

tribution is presented in Figure 158. The total down range displacement and

time during the ascent to Nmch 8 is illustrated in Figure 159 which also pre-

sents the cumulative time displacement with Mach number. The large range in-

crement near boost termination indicates a possible mission trade-off between
boost Mach number and return to base fuel.

For reference, the propellant plus propulsion weights along the 500, lO00,

1500, and 2000 psf dynamic pressure paths was determined for various planform

loadings and engine complements. The propulsion system weight was based on

the maximum internal pressure level encountered. Figure 160 summarizes the

variation of W(propellan t + propulsion) as a function of Wo/Splan for the
best engine complement, with the selected system shown for comparison. The

indications from this figure are as follows:

i. The deviaticn in W(propellant + propulsion) between tha s_l_c_d
system and the basic 1500 psf q path is 2 percent in gross weight,

indicating that additional path optimization at this time ±_ beyond

the accuracy of the aerodynamic, propulsion, and weight data.

2. Minimization of propellant plus propulsion weight occurs with maxi-

mization of the vehicle planform loading (smaller vehicle size).

The influence of configuration on the ascent performance to Mach 8 is

presented in Figure 161. This comparison illustrates the influence of the

substantially decreased drag of the lifting body configuration (Figure 129)

relative to the winged configurations (Figures 127 and 128).

7.6.1.6.2 Presta_ing Airbreathin_ Pull-up Performance

The function of utilizing a klnetic-to-potential energy ex-

change pull-up from the ascent termination point (Mach 8) to the staging

point was primarily that of providing a less hostile _taglngenvironment due

to dynamic pressure. For this maneuver, a trade-off exists between the normal

load factor, AV loss, the staging flight path angle (7), the first stage fuel

used during the pull-up, and the resulting second stage characteristic velocity.

Typical pull-up performance for a Mach 8 system is presented in Figure 162.
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For the Class 1 system analysis, a staging dynamicpressure of 200 psf was
selected on the basis that the 7° flight path angle at this condition yielded
the minimumsecond stage characteristic velocity whencoupled with the system
AV loss. The staging weight to pull-up initiation weight ratio for this con-
dition was 0.9885 and the downrangedisplacement was 51 n. miles.

7.6.1.6.3 Return to Base and Landing Performance

ing:

The first stage post-staging sequence consists of the follow-

1. A power-off ascent to apogee and descent to Mach 4.5, and 95,000 ft
altitude with the inlet closed

2. A 2 g power-on turn at Mach 4.5, aligning the vehicle with the launch

base (_ 180 ° turn)

3. A cruise at max L/D and Mach 4.5

4. A power-off, L/Dma x glide for 394 n. miles to the base of origin

5- A power-on landing with 5 minute loiter

The cruise-back distance represented the difference between the total

displacement from base at the end of the Mach 4.5 turn, and the equilibrium

glide.

The total displacement distance for the due east launch was the vector

sum of the following:

io The longitudinal displacement, i.e., boost displacement (variable

with propulsion system), the air breathing pull-up (51 n. miles),

the power-off ascent, and descent to Mach 4.5 (89 n. miles)

2. The lateral displacement, equal to the turn diameter at Mach _.5

(ll6 n. miles)

During the power-off ascent and descent mode, an attempt was made to

minimize the downrange displacement to Mach 4.5, while attaining an engine

start altitude of 95,000 feet. Figure 163 presents the terminal altitude

and displacement during the power-off post-separation mode as a function of

angle of attack. As the figure indicates, the minimum distance and engine

start altitude requirements were met with high negative entry angles (-30°).

The load factor required monitoring to decrease the angle of attack near the

end of the descent in order to maintain the 3 g constraint.
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The 2 g power-on turn was executed at Mach 4.5 (radius of turn = 58 n.

miles) at a lift-to-drag ratio of 2.84 and an Isp of 2375 seconds. The turn-
ing mass fraction (weight at end turn to weight at start turn) of 0.98_ applies

to all Class 1 composite systems.

The cruise back range for the Ejector Ramjet first stage vehicle was 262

n. miles and, for a cruise L/Dma x = 4.02, resulted in a weight at end of cruise-
to-end of turn ratio of 0.9821.

The 5 minute loiter at the base of origin primarily reflected the static

sea level propulsion system performance at low thrust levels. For the Ejector

Ramjet (No. 9) vehicle z the relatively low specific impulse with rocket primary
operation (375 seconds) yielded a loiter mass fraction of 0.8840 for a loiter

L/Dof 6.5.

The integrated propellant requirement for the Ejector Ramjet (No. 9) first

stage return to base and landing phase resulted in 1_.45 percent of the post-

staging weight. The vehicle landing speed was determined to be 282 fps (10

percent margin) for an emergency power-off condition and a touchdown angle of
attack of ]2o.

7.6.1.6.4 Payload Performance

The second stage gross weight (or first stage payload) deposited

at the staging point is defined as

= )
W 2 1,O00,000 - (Wlburnout + Wboostpropellan t

The first stage burnout weight was defined in Section 7.6.1.4.2 and it

included

1. First stage dry weight

2. Return-to-base and landing propellants

3. Trapped and residual propellants

By utilizing the performance and weight inputs for the Ejector Ramjet

system (No. 9), the second stage gross weight capability was determined to

be 298,691 pounds for the llftlngbody first stage configuration (Figure 129).

The corresponding weights for the winged cylindrical and conoldal body config-

urations (Figures ]27 and ]28) were 214,268 and 194,251 pounds, respectively.

The superior performance of the lifting body system resulted from the relatively
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low drag and afterbody stabilizing surface at low unit weight, as compared to

the low slenderness ratio winged configurations. For the winged configura-

tions, the lower propellant plus propulsion weight of the conoidal body was

offset by the high inert weight of the body and wings, resulting in the mini-

mum second stage weight capability.

The following payloads were determined for the Ejector Ramjet systems:

Lifting body vehicle = 25,000 pounds

Cylindrical body/wlng vehicle = 14,700 pounds

.

Conoidal body/wlng vehicle = 12,bOO pounds

7.6.2 Results

7.6.2.1 System Operational Profiles

7.6.2.1.1 Overall Flisht Path Selection

The composite engine system flight prof$1es are presented

for the two-stage subsonic (Mach 8) and supersonic (Mach 12) combustion

vehicles and for a single stage to orbit supersonic combustion (Mach 2_)

vehicle in Figure 16&. All systems lifted off at less than 379 fps velocity

in less than 3000 feet.

The composite engine system preferably ascends a high dynamic pressure

path during primary operation (Mach 0 to 2) where the air augmentation per

pound of engine weight is maximized. Path selection for both modes (Mach 0

to 8) was based upon minimum propellant plus propulsion weight (Section

7.6.1.6) constrained by a maximum dynamic pressure of 1790 psf. The subsonic

combustion system path was altered from the 1790 psf level at Mach 9, to limit

the maximum inlet diffuser pressure (PT2) to 150 psla, representing a compro-
mise between fuel consumption and inlet weight. The supersonic combustion

system path was altered at Mach 4 to restrict PT_ to 100 psia at the inlet

structural design Mach number of 6. At Mach 6, Transition occurred from sub-

sonic to supersonic burning ana£he vehicle flew a maximum performance angle

of attack schedule (+ 1° to + 2.5°_Q_Mach 12. The single stage to orbit

system maintained this angle of attack schedule to airbreathing termination.
Terminal boost for the single stage system was provided by an 02-H 2 rocket.

Both the subsonic (Mach 8) and supersonic (Mach 12) combustion systems utilized

a prestaging airbreathing pull-up to a dynamic pressure level of 200 psf. Stage

separations occurred at velocities of 7800 and ll,800 fps, respectively.

The first stage post-separation sequence consisted of a power-off ascent

to apogee and an entry to the turn and cruise-backMach number. These Mach

numbers, based on minimum turn and cruise fuel_were 4.9 and 6, respectively,

<
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for the subsonic and supersonic combustion systems. The cruise-back phase

was followed by a power-off equilibrium glide to the takeoff base, with a

5 minute powered loiter and landing phase.

After staging, the second stage engine was brought up to full t.hrust to

begin the ascent to a 90 n. mile altitude. Main engine cutoff occurred hori-

zontally at slightly higher (91 fps) than circular velocity. This excess

velocity gave an orbit apogee of i00 n. miles. The trajectory was circularized

at the apogee altitude. By using the greater angular velocity of the lO0 n.

mile orbit, correct phasing with a target in the 262 n. mile orbit could be

obtained. A Hohmann transfer ellipse was performed with the attitude control

system. Subsequent to station operations, the vehicle was cast off and maneu-

vered into retrofiring position with the attitude control system. The RL-IO

engine was fired for the required retro thrust pulse, and a 30 minute de-orbit

occurred. A 60 minute atmospheric entry with monltored attitude and tempera-

tures followed, terminated by a landing approach and touchdown.

7.6.2.1.2 Takeoff Mode (ETO vs. VTO)

A vertical takeoff systemwas analyzed to compare this launch

mode with the horizontal type. The cylindrical body/wlng Ejector Ramjet system

in the vertical launch is typically illustrated in Figure 169. The vehicle was

backed onto the pad and erector for vertical launch. Water spheres minimize

the erection force requirements.

No reduction in vehicle planform area for VTO operation was effected due

to system stability requirements. Consequently, no inert weight reductions

result from liftoff wing area requirements.

The VTO performance was analyzed for a pad liftoff to 275 fps velocity and

various subsequent paths from that corresponding to a gravity turn (_ = 0 °) to

a 70 ° gamma kick. All paths intersect at a ramjet takeover point at Mach 2.9

and q = 2000 psf dynamic pressure, as indicated in Figure 166.

The resulting performance in terms of the sum of propellant plus engine

weight from Mach 0 to 2.29 is presented in Figure 167 as a function of the

number of engines for the various paths, including the HTO path. The minimum

performence penalty for VTO operation was 105,000 pounds for the 70 ° ga_na kick

path. For the gravity turn case, a potential reduction of 2_,000 pounds in

vehicle structural weight (due to less dynamic pressure in the transonic region

and zero angle of attack) was insufficient to offset the 140,000 pound perform-

ance penalty. To establish the limiting value to the amount of structure that

could be reduced (24,000 pounds), the stiffener and ring weights (10,286 pounds)

were subtracted from the tank structure. The remaining body structure was as-

sumed to consist entirely of surface heat panels plus 90 percent for supporting

framework (14,100 pounds).
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Comparatively, the propellant consumptionsduring the initial 275 fps
velocity increment were 90,000 and 27,000 pounds, respectively, for the VTO
and HTOmodes. The low specific impulse composite engine performed better
by ascending a low path where the augmentation was greatest.

A net second stage gross weight decrease of 11_,268 pounds and a corres-
ponding payload decrease of 7600 pounds resulted from utilization of the ver-
tical in lieu of the horizontal takeoff mode.

7.6.2.2 Installed Propulsion Performance

In general, the installed engines were arranged side by side

on the vehicle undersurface. Although discrete podded arrangements were

considered, the point design vehicles have integral two-dimensional inlets
located in tile vehicle flow field to take advantage of the increased flow

and reduced inlet Mach number. The base of the vehicle was used as an auxi-

liary expansion 3___cc _o prcvide larger exit-to-capture area ratios than

are possible with podded engines. This is, of course, of prime importance

in the supersonic combustion case. The inlet flow fields were assumed to be

two-dimensional, with a flow deflection angle equal to the angle of attack

plus a 3 ° fuselage wedge angle.

While non-axial nozzle thrust components exist, due to the misalignment

of the nozzle pressure and momentum forces, they were not considered for the

launch vehicle system. Consequently, the net thrust vector was assumed to be

parallel to the zero-lift axis of the vehicle.

Although propulsion subsystems were not investigated at the design level,

they were evaluated from a weight standpoint. Included were the propellant

supply (refueling, vent, pressurization, pumping, and distribution) engine

controls, compartment cooling, starting, and pump drive systems, and access

provis ions.

The thrust and nacelle structural provisions reflect the system thrust

and engine size.

The installed performance of these engines in the subsonic combustion ram-

Jet mode is shown in Figure 168. The performance included the effects of inlet

recovery, inlet drag, nozzle expansion ratio, and nonequilibrlum nozzle losses.

The basic performance of the supersonic combustion ramjet is shown in

Figures 169 and 170 for the conditions noted. Perturbations to the basic per-

formance caused by variations in overall stream tube expansion ratio (Aex/A_)

are shown in Figure 171. In order to evaluate the sensitivity of the installed

fuel consumption to angle of attack, the effective impulse (Isp e) for various
cowl sizes and contraction ratios was calculated and is shown in Figures 172

through 177.

k
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7.6.2.2.1 EOector Ramjet System (Engine No. 9)

The Ejector Ramjet system utilized stoichiometric, 1000 psia,

02-H 2 primary rockets with secondary injection to maintain an overall stoichio-

metric operation. The ramjet mode was also stoichiometric with subsonic com-

bustion in the combustor. The installed Isw and thrust per engine with lO0

percent primary thrust is shown in Figure 1_8 for various dynamic pressure

paths. Figure 179 shows the effects of primary throttling along a lO00 q path.

The net thrust was obtained by subtracting the inlet drag from the net jet

thrust obtained from the basic engine data. The uninstalled thrust-to-weight

ratio was 31.4 for the nominal 1.5:l mass flow rate engine (No. 9-1), based

on an internal pressure of 150 psia. The relative performance of the high

mass flow engine (No. 9-2) is shown in Figure 180 (T/W = 27.0)

7.6.2.2.2 Supercharged E_ector Ramjet Engine (Engine No. ll)

The Supercharged Ejector Ramjet (No. ii) is the same basic

engine as the Ejector Ramjet (No. 9) with the addition of a moderate pressure

ratio (1.3:l) single stage fan ahead of the primary injectors. The fan is

identical in concept to current lift fan technology and it is tip driven by

a small airbreathing (or bipropellant) gas generator. The engine design pro-

rides for retraction and sto_age of the fan when not in use. Figure 181pre-

sents installed thrust and specific impulse of this engine along the ERJ path.

The uninstalled T/W was 26.4 (150 psia).

7.6.2.2.3 RamLACE System (En6ine No. 21)

The Ram_ACE engine system is similar to the Ejector Ramjet system

except that the primary rockets burn liquefied air instead of on-board liquid

oxygen. The heat sink of the liquid hydrogen was used to precool and condense

the air in suitable heat exchangers located externally to the engine. The pri-

mary chamber pressure was 1000 psia, with stolchiometric burning. The heat

exchanger equivalence ratio was 8 (4.27 pounds of liquid air per pound of hydro-

gen). The excess hydrogen required for air liquefaction was returned to the

afterburner, resulting in overall fuel-rich operation. Figure 182 shows the

installed thrust and Isp of the engine for various dynamic pressure paths for
the nominal 1.5:l mass flow ratio engine. The uninstalled thrust-to-weight

ratio was 19.4 for an internal pressure of 190 psia. The relative character-

istics of the high mass flow rate engine are shown in Figure 183 (T/W = 17.4).

7.6.2.2.4 Supercharged RamLACE S_stem (Engine No. 2_)

The Supercharged RamIACE system consists of the addition of a

fan (described for System No. l_l) to the basic RamLACE. The thrust and impulse

characteristics are shown in Figure 18&. The uninstalled thrust-to-weight ratio

of this engine was 17.9 for an internal pressure of 150 psia.
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7.6.2.2.5 Recycled Ram/ACE S_stem (Engine No. 23)

The Recycled RamLACE system utilized the additional heat sink

capacity of subcooled or "slush" hydrogen in the vehicle tanks to lower the

fuel-rich operation of the basic RamLACE. This was accomplished by returning

a portion of the fuel required for air liquefaction to the tank where it was

recondensed by the subcooled fuel. The operation of the engine in this recycle

mode was time limited by the fuel consumption rate (thrust level) and the total

vehicle fuel quantity. When this heat sink was exhausted, the cycle was iden-

tical to the basic RamlACE. The relative improvement of this cycle over the

basic RamLACE is shown in Figure 189. The uninstalled thrust-to-weight ratio

was 16.2 for an internal pressure of 150 psia.

7.6.2.2._ Recycled Supercharged RamLACE System (Engine No. 31)

The Recycled Supercharged RamLACE system combines the previously

described fan and recycle perturbations to the basic RamLACE. The improvement

in installed performance, relative to the basic RamLACE, is shown in Figure 186.

The uninstalled thrust-to-weight ratio of this engine was 15.3 for an internal

pressure of 150 psia.

7.6.2.2.7 Subsonic Combustion Ramjet Mode

The installed performance of all the composite engines pre-

viously described _,hen operating in the subsonic combustion ramjet mode is

sho_m in Figure 187. The installed performance included the effects of inlet

drag, inlet recoveNy, maximum exit area limited ex!Bnsion, and nozzle non-

equilibrium losses. __o-dimensional vehicle flow field effects were included,

and resulted in an increase in thrust with angle of attack and a decrease in

Isp due to a lower nozzle expansion ratio caused by the increased nozzle throat
area required for the hi_her mass flow.

7.6.2.2.8 Supersonic Combustion Ramjet Mode

These composite engine systems have the basic characteristics

described for the subsonic combustion system, but with provisions for operation

as a fixed geometry ScramJet beyond Mach 6. Heat addition was accomplished in

the minimum area (mixer) section, with expansion in the afterburner and against

the vehicle integrated nozzle. The supersonic combustion mode systems are as

follows:

Ejector ScramJet System (Engine No. 10)

Supercharged Ejector ScramJet System (Engine No. 12)

ScramLACE System (Engine No. 22)

Recycled ScramLACE System (Engine No. 24)
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Supercharged ScramLACE System (Engine No. 30)

Recycled Supercharged ScramLACE System (Engine No. 32)

In general, the low speed (Mach 0 to 3) performance of all systems employ-

ing supersonic combustion was identical to that of the subsonic combustion sys-

tems when in the ejector mode; i.e., the performance of the Ejector ScramJet

was identical to that of the Ejector Ramjet when referenced to some character-

istic engine area, such as the mixer. The essential difference in thrust level,

when referenced to capture area, lies in the compromise necessary to provide

adequate Scramjet performance (high inlet contr_ction ratio Ac/A2) and suffi-

cient low speed thrust (low inlet contraction ratio). Once the contraction

ratio of the inlet in the fixed supersonic position was selected, the low speed

(Mach 0 to 3) performance was limited by the mixer and/or nozzle throat area

available. This precluded the separate selection of the correct takeoff thrust-

to-weight ratio and cowl size. Consequently, the performance of these systems

is presented as a function of the inlet contraction ratio as shown in Figure 188

for the Ejector Scramjet (Engine No. lO) and in Figure 189 for the Scram[ACE

(Engine No. 22).

7.6.2.3 Engine Complement Selection

Integration studies of the composite propulsion systems initially

involved choice of the number of engines, consideration of internal engine mass

flow ratios (See Section 7.2.2), and a selection of engine physical packaging

arrangements.

Again (as in Section 7.6.1.6), the basic Ejector Ramjet (Engine No. 9) was

utilized as a representative engine for the initial integration studies. This

section describes the results of the three-point inquiry suggested above. The

RamLACE system (Engine No. 21) was also examined in the mass flow ratio analysis.

7.6.2.3.1 Number of Engines

A comparison of 4 versus 6 engines installed on the cylindrical

body/wing vehicle indicated a negligible weight difference for either instal-

lation. However, the longer inlet required for low pressure loss transition

from the inlet throat to the larger engine face for the 4-engine installation

"_as more destabilizing. The 6-engine installation was therefore selected for

that configuration. A comparative design layout is shown in Figure 190 and a

payload comparison is presented in Section 7.6.2.5.14. A weight comparison

is provided in Section 7.6.2.4.2.

7.6.2.3.2 Engine Mass Flow Ratio

The mass flow ratio of the baseline Ejector Ramjet engine

(No. 9-1) employed in the study was Ws/W P = 1.5 (weight of secondary-to-primary

flow). A higher mass flow ratio engine (No. 9-2) with Ws/Wp= 3.0, which provided

- - 578 -
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increased augmentation and resulting performance gains in the initial boost

phase, was also investigated. Increasing Ws/W P was fundamentally accomplished

by enlarging the engine secondary flow areas. The comparative installations are

illustrated in Figure 191 for the two winged configurations. Utilization of

the high mass ratio engine involves consideration of the following:

ii The propulsion system capture area was sized by the ramjet mode (Mach

1.8 to 8) to be 290 sq ft total, and was independent of the basic

engine mass flow ratio (Ws/Wp) , providing it was sufficiently large

so as not to starve the engine in the low speed range.

o IncreasingWs/W P from 1.5 to 3.0 doubles the individual engine exit

area. However, the increased performance of the 3:1 engine lowers

the system takeoff T/W ratio from 1.5 to 1.375. These T/W ratios

represent total engine exit area requirements of 660 and ll40 sq ft,

respectively, for the 1.5:l and 3:1 mass flow ratio systems. Figure

192 presents a comparison of the propellant plus propulsion weight

parameter as a function of the thrust loading for the cylindrical

body/wing configuration.

o The large total exit area (1140 sq ft) of the high mass flow ratio

engine in conjunction with the fixed capture area (290 sq ft) repre-

sented potentially large inlet external surface angles and a large

drag increase without incurring a prohibitive weight penalty due to

lengthening the inlet.

Recognizing the integration penalties of the high mass flow ratio engine,

but analyzing the cylindrical body/wing system on the basis of the increased

propulsion performance, resulted in a potential second stage gross weight in-

crease of 21,931 ibs and a potential payload improvement of 12 percent (1800

pounds). Consideration of the installation penalties (drag or weight) pre-

cluded any mass flow ratios (Ws/Wp) in excess of 3.0.

The RamLACE system (No. 21) was also analyzed by the san approach. A

comparison of the fuel plus engine weight to Mach 2 (ramjet transition) for

the No. 21-1 (1.5:l Ws/W P) and the No. 21-2 (3.0:1 Ws/Wp) engines is presented

in Figure 193. The payload improvement potential (again, considering only the

increased performance potential) was indicated to be + 2900 pounds, or 6.h

percent. The corresponding second stage gross weight potential increase was

32,035 pounds.

7.6.2.3.3 Engine Installation (2D vs. Axis_mmetric)

The effect of axisy_mmtrlc versus two-dlmensional propulsion

installation was assessed for both the cylindrical and the conoidal body/wlng

Ejector Ramjet systems. The axisymmetric installations are illustrated in

Figures 194 and 195.

- 382 -
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FIGURE 191. Comparison of Low and High Mass Flow Ratio Engines (Nos. 9-1 and 9-2)
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The use of the axisymmetric installation results in a &6 percent reduction

in inlet weight, an ll percent increase in the gear weight (as indicated in

Section 7.6.1.4), and a 19 percent increase in drag due to inlet cowl wave drag.

The cylindrical and conoidal body/wing axisymmetric systems consumed 38,681 and

37,353 pounds, respectively, of additional propellant to Mach 8 than their two-

dimensional counterparts for the same takeoff thrust loading. The resulting

system payload decrements relative to the 2D installation were 1300 and 2100

pounds for the cylindrical and conoidal configurations, respectively. This

corresponds to second stage gross weight decrements of 18,545 and 28,868 lbs.

The pylon and nacelle/vehicle interference drag for the axisymmetric

installation was not included and would further degrade the payload.

7.6.2.4 System Weight Estimates

The basis for the vehicle system weight estimates has been pre-

viously presented in Section 7.6.1.4 along with quantified input information.

This section summarizes the results of the Class 1 system weight studies.

Following a brief description of the structural analysis approach and criteria,

the vehicle weight summaries are presented. This includes the various per-

turbation studies which were conducted, such as those relating to engine com-

plement selection (Section 7.6.2.3).

7.6.2.4.1 Structural Analysis

A preliminary structural analysis was conducted to establish

the relative structural weights of the first stage conoidal body/wing and the

cylindrical body/wing configurations. Analysis indicated the cylindrical body/

wing first stage vehicle to be 9600 pounds lighter than the conoidal body/wing

(Tables XXIX and XXX). The lower fuselage weight of the cylindrical body was

offset by the larger wing weight, resulting in the relatively minor net differ-

ences in first stage weights. The center of gravity summaries (Tables XXXI and

XXXII) illustrate the essentially coincident Newtonlan aerodynamic center and

center of gravity location for the system first stage burnout condition.

The structural analyses showed bending and shear as the most critical design

criteria. Preliminary shear and moment diagrams were obtained for the takeoff

taxi condition and the transonic flight condition. The load analyses were based

on the weight distributions of Tables XXXIII and XXXIV. The lift distribution

was assumed to be uniform for the conoidal body/wlng. The forebody unit lift

for the cylindrical body/wing was assumed equal to half the value at the wing.

The transonic flight conditions were most critical, yielding moment and

shear diagrams of equal magnitude for both vehicles. The takeoff/taxi condition

at nZ = 1.5 was less critical in bending and equally critical in shear. The
inertia from the second stage and local LOX storage predominated in the moment

and shear diagrams.
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TABLE XXIX

PRELIMINARY WEIGHT ESTIMATE FOR THE

EJECTOR RAMJET CYLINDRICAL BODY/WING VEHICLE

(c 655-i-2)

Component

Body (Wetted area = 12,760 sq ft)

Heat shield (10,930 sq ft at 1.42 psf)

Insulation (10,930 sq ft at 1.07 psf)

LH 2 tank & fwd. s_ructure

LOX tank (0.0255 W ....)
LUA

Aft body structure (3,630 sq ft at 2.86 psf)

Wing (Gross area = 9,860 sq ft, QLE = 65°' DTE = 30°)

Vertical fin (I,i00 sq ft)

Equipment and systems

Landing gear (0.0357 W o)

Propulsion system

Engines (ERJ)

Inlet (Ae = 275 sq ft
I PT2 = I00 psia

Controls, starting, & fuel systems

Support & thrus% structure

Trapped residuals (o_o_"_p_.,;,

Reserve propellant (0.007 Wp)

Re_urn to base propellan_ (0.076 Wib o)

First stage burnout weight

Fuel (_a2)

Oxidizer (LOX)

First stage weight

68,395

15,525

11,695

2",625

6,150

I0, b-O0

97, i00

9,050

23, _J_/_'

_, 00

!Or ,o50

37,200

_6, I_O

I0,250

12,800

7,650

2,660

i2_:0 O0

379,775

136,000

217.000

732,775
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TABLE XXX

PRELIMINARY WEIGHT ESTIMATE FOR THE

EJECTOR RAMJET CONOIDAL BODY/WING VEHICLE

(cn655-1-3)

Component

Body (Wetted area = 17,450 sq ft)

Heat shield (iO,OOO sq ft at 1.42 psf)

Insulation (lO,OO0 sq ft at 1.07 psf)

LH 2 tank & _wd. structure

_ox tank (o.o255WLox)

Additional LH 2 tank, insul. & heat shield

(AWLE2 = 42,000 Ibs )

Aft body structure (9,800 sq ft at 2.86 psf)

Wing (Gross area = 7,800 sq ft, _LE = 65°, OTE = 30°)

14,200

10,700

19,690

6,150

16,800

Weight

(ibs)

95,640

28,100
81,000

Vertical fin (I,i00 sq ft)

Equipment and systems

Landing gear (0.0357 W o)

Propulsion system

Engines (EEJ) 1
- 100 psia

Inlet (Ac = 275 sq ft) ] PT2-

Controls, starting & fuel system

Support & thrust structure

Trapped residuals (0.02 Wp)

Reserve propellant (0.007 Wp)

Return to base propellant (0.076 Wib o)

First stage burnout weight

Fuel (LH2)

Oxidizer (LOX)

First stage weight

9,050

23,150

35,700

101,500

37,200

41,250

10,250

12,800

7,65o

2,680

29,000

385,370

136,000

2!7_00 O

738,370

- 390 -
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TABLE XXXI

WEIGHT AND CENTER OF GRAVITY SUMMARY FOR THE

CYLINDRICAL BoDY/WING VEHICLE

(CL655-1-2)

W
o

Component

Less:

W

°bo

Less:

Less:

WLand

Fuel

Oxidizer

W2

Return

propellant

Weight

(ibs)

I,OOO,000

-!36,000

-217,000

647,000

-267,225

379,775

-29,000

350,?75

FS

(ins.)

(NOSE = 0)

2,158

1,326

2,200

2,318

2,628

2, I00

1,863

2,120

L

(LRE F = 2976 in.)

0.725 Takeoff

0.4h6

o.739

0.779 Burnout

o.883

0.706 Less 2rid s_age

o.626

0.712 Landing

Body and wing planform area C G = F S 2287 = 0.769 L
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TABLE XXXII

WEIGHT AND C_NTm OF GRAVITY SUMMARY FOR THE

CONOIDAL BODY/WING VEHICLE

(cL655-I-3)

W
O

Component

Less:

W
°bo

Less:

_o
Less:

Fuel

Oxidizer

W2

Weight

(ibs)

i, 000, 000

-136,000

-217,000

647, 0OO

-261,630

385, 37O

-29,O00

FS

(_s.)

2,166

1,500

2,150

2,312

2,580

L

(_ : 2976_n.)

0.728

o.5o5

0.723

2,130

1,900

Takeoff

O.777 Burnout

o.867

0.716 Less 2nd stage

0.639Return

propellant

WLand 356,370 2,149 0.722 Lan_ing

Body and wing planform area C G = F S 2282 = 0.767L

- 392 -



rquam ....
# I,Y IRI# /N 4TIt_,N

Report 25,194

Volume 2

TABLE XXXIII

FRELU_INARYWEIGHT DISTRIBUTION FOR THE

EJECTOR RAN_ET CYLINDRICAL BODY_dING VEHICLE

(c_55-1-2)

F S

(ins.)
(_osz = o)

0 to. 150

150 to 300

3o0 to 450

450 to 600

60O to 750

750 to 900

900 to lO50

1050 to 12OO

12OO to1350

!350 to !500

1500 to 1650

!650 to lSOO

18OO to1950

1950 to 2100

21OO to 2250

2250 to 2400

2400 to 2550

2550 to 2700

2700 to 2850

2850 to 3000

3000 to 3z5o

315o to33OO

330o to 345o

TOTALS:

First Stage
Burnout

Weight

(Ibs)

5,810

!5,910

6,950

3,790

4, 560

5,180

5,030

5,560

5,910

6,o55

6,860

16,685

20,580

21,270

Propellant

Weight

(lbs)

Second Stage

Gross Weight

(!bs)

m

3,875

5,385

T,765

9,860

I-1,360

!2,550

14,960

15,845

15,845

15,845

15,230

7,480 9,0OO

Takeoff

Weight

(z_s)

5,_10

15,910

10,325

9,175

12,325

15,040

16,390

18,!10

20,870

21,900

22,705

32,530

35,81o

37,75o

T1,550

34,000

25,560

36,105

43,075

18,925

11,880

5,500

3,030

379,775

180,980

36,020

18,000

35,000

353,000

44,000

4_,000

46,000

49,630

21,595

26T,225

270,530

105,020

69,560

80,105

69,075

o8,5_

33,475

5,500

3,030

1,O00,O00
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FS

(ins.)

O to 150

150 to 300

3OO to 450

450 to 600

600 to 750

750 to 900

900 to 1050

1050 to l2OO

1200 to1350

1350 to 1500

150Oto1650

165o to 18oo

18OO to1950

1950 to 21OO

2100 to2250

2250 to 2400

2400 to 2550

2550 to 2700

2700t0 2850

2850 to 3OOO

3000 to 3150

3150 to 3300

33oo to3450

TOTALS :

TABLE XXXIV

PRELIMINARY WEIGHT DISTRIBUTION FOR THE

EJECTOR RAMJET CONOIDAL BODY/WING VEHICLE

(CL655-I-3)

First Stage
Burnout Propellant

Weight Weight

(ibs) (ibs)

210

63o

6,200

19,575

3,675

4,380

5,290

6,095

6,595

7,905

iO, ll5

ll, 810

15,960

40,040

62,610

39,840

9,780

42,880

3_, 860

19,140

9,380

7,220

1,180

385,370

N

4,025

4,925

7,610

9,410

12,990

19,260

22,400

25,090

30,290

36,200

180,8OO

Second Stage

Gross Weight

(ibs)

m

m

12,OOO

20,000

38,000

46,OOO

46,000

48,000

51,630

353,000 261,630

Takeoff

Weight

(Ibs)

210

63o

6,200

19,575

7,7D0

9,305

12,9OO

15,505

19,585

27,165

32,515

36,900

46,250

88,240

263,410

77,840

75,780

88,880

82,860

70,T70

9,380

7,220

1,180

i,OOO, OOO
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The structural considerations are summarized in Table XXXV.

7.6.2.4.2 Vehicle Weight Summaries

The first stage weights were calculated by using the equations

and factors developed and presented in Section 7.6.1.4 in conjunction with the

boost propellant requirements of Section 7.6.1.5. Table XXXVI presents a

summary of the systems considered. The greater boost displacements of the

supersonic combustion system resulted in the increased propellant weight indi-

cated. The addition of a fan to the basic engine substantially decreased the

landing propellant weight. In the case of the ejector system, the difference

was about 40,000 pounds.

During the Class 1 studies, several vehicle perturbations were made to

assist in defining and documenting the basic vehicle configuration weight.

Table _3_fViI presents the results of the studies of the two body/wing configu-

rations (cylindrical-and conoidal bodies) and the selected lifting body. The

cylindrical body provided more efficient tankage structure. However, +_his was

offset by the wing requirement. The conoidal body/wing had the disadvantage

of having a wing, and in addition suffered from a structural penalty due to

its elliptical tanks. The aft body structure provided a structurally effi-

cient method of adding area to move the Newtonian aercdymsmlc center aft,

without major shifting of the vehicle center of gravity. The wing unit weight

was 10.3 lb/ft 2, based on the gross centerline wing planform area. The aft

structure unit weight, however, was only 5.72 lb/ft2 due to improved struc-

tural section properties, and it provided stabilizing surface at less weight

than the wings.

In order to assess the effect of varying engine complement for a given

thrust loading, a weight estimate was made for the air induction system illus-

trated in Figure lgO for six and four engines, based on Ac = 375 sq ft and

PT2ma x = LEO psia. The four-engine installation resulted in less area require-

ments for the shock generator and ramps. However, this weight decrease was

offset by the larger diameter engine which required a heavier pressure shell.

The net difference of only 3 percent, as indicated in Table XXXVIII, was

negligible.

A comparison was made of using an axisymmetric inlet versus a two-dimen-

sional inlet. As shown in Table XXXIX, the axisymmetric inlet was 46 percent

lighter than the two-dimensional inlet. The underbody installation of the

axisymmetric inlet necessitated a 5.75 ft longer landing gear strut. This

increased the landing gear weight by ll percent. The additional body structure

penalty due to increased body surface area covering required was 6040 pounds.

The increased drag of the axisymmetric inlet installation required more boost

propellant.

- 395
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TABLE XXXV

SUMMARY OF STRUCTURAL CONSIDHRATIONS FOR THE

EJECTOR RAMJET VEHICLES

CRITICAL DESIGN CONDITION

Taxi/takeoff

Transonic gust

Pull- up Mach 8

STRUCTURAL APPROACH

General structure

Integral LH 2 tankage

i) Cool structure

insulation concept

2) "Hot" sStucture

insulation concept

nZ = 1.5;

= 2.5;

nz < 1.5;

Causes maximum shear at aft gear

location

Maximum bending; shear close to

maximum

Determines peak temperatures

(Surface structure materials)

Superalloy: Inco-T18 primary structure

2219-T87 aluminum alloy or 5A1-2.5 S

titanium alloy foam/fibrous insulatiSn

externally

Inco-T18 nickel-chromium alloy

External foam/fibrous or metallic envelopes

Heat shield

DESIGN STUDIES

Conoidal vs

cylindrical wing

body configurations

.... Superalioy: Inco-7!8 and Inco-702

Conoidal body LH 2 tankage is approximately

30 percent heavier than cylindrical body LE 2
tankage. Forebody shielding weights 15 to

20 percent heavier than for wing body

vehicle. These factors are offset by the

higher wing weight for the _ing body.

Second stage submergence and wing-propulsion

integration dominate first stage structural

design.

q
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GROUP WEIGHTS FOR

TABLE XXXVII

CLASS 1 FIRST STAGE CONFIGURATION COMPARISON

(All weights in lbs)

System

EBJ

Cylindrical

body/wing

EPJ

Conoidal

body/wing

EPJ

Lifting body

Engine

47,780

47, 780

39,815

Inlet &

Nozzle

75,240

61,345

55,770

Propulsion

System &

Thrust

Structure
°~

27,675

27,675

23,065

Equip.

& Syst.

30,285

30, 896

27,721

Landing

Gear

35,700

35,700

35,700

Wing

or

Fins

io6,15o

90,050

18,55o

Body/Tank

Structure,

Heat Shield,
& Insulation

56,335

97,921

123,673

System

ERJ

Cylindrical

body/wing

ERJ

Conoidal

body/wing

ERJ

Lifting body

Wory

379,165

391,367

324,294

Wprop

Cruise

(Less Resid.)

8, 817

9,097

12,579

W

Prop

Lauding

(Less Resi&)

51,157

52,785

U3,855

Wbo

(Incl Resin)

Cruise, Ldg.

_h9,828

390,640

Wprop

Boost

335,90_

341,605

310,669

W1

785,732

805,7_9

701,309
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TABLE XXXVIII

ESTIMATED AIR INDUCTION SYSTH_ WEIGHTS,

6 vs. & ENGINE INSTALLATION

A = 375 sq ft
C

Pm = 120 psia
J. 2

Component

Shock generator

Ramps - Radiation cooled

Regeneratively cooled

Press_re shell

Inlet side plates

Duct _ transition

Ramp actuation & LH2 manifolds

Bleed system _ bypass ducts

Access _ service provisions

TOTALS:

lb/sq ft of A c

6 Engines

Area Weight

(ft 2) (ibs)

!350 12,320

i050 6,300

790 6,320

2130 ll,600

1385 1i,o8o

1465 9,_50

-- 4,200

-- 3,500

-- 1,O00

65,770

175

4 Engines

Area Weight

(ft 2) (!bs)

i135 9,20O

980 5,88o

710 5,660

1960 13,130

1470 11,790

1290 9,930

-- 3,820

-- 3,500

-- 1,000

63,910

170
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Table XXXIX also includes the group weights far a vertical takeoff cylin-

drical body/wlng ejector ramjet. This vehicle has the same wing as the hori-

zontal takeoff version (due to stability requlrements). The landing gear was

3_ percent lighter due to the critical design condition being at first stage

landing weight. The boost propellant required was 33 percent higher than for

the horizontal takeoff version.

Engine mass flow comparisons were made for the Ejector Ram.Jet and RamLACE

systems. The high mass flow Ejector Ramjet system resulted in a higher dry

weight; the reverse occurred in the RamLACE system. This reversal was due

mainly to the engine weights and required thrust. The thrust of the high mass

flow Ejector Ramjet system dropped from 1,500,000 pounds to 1,375,000 pounds.

The RamLACE system experienced a greater thrust reduction, from 875,000 pounds

to 625,000 pounds. The high mass flow ERJ unit engine weight _ras 11,794 pounds,

at PT2ma x = 150 psia, and TSL S = 250,000 pounds. This represented a h8 percent

increase over the basic engine weight. The equivalent RamLACE unit engine

weight was 14,391 pounds, or only ll percent heavier than the basic engine.

The propellant requirements for the high mass flow engines were lower; thus

the gross first stage weights were less, as indicated in Table XL.

The application of a ScramLACE system as a single stage to orbit system

was investigated. This is reported in Appendix F-1. The weights of these

vehicles were estimated using approximately the same surface unit weights as

a Mach 12 radiation cooled heat shield/insulatlon structural concept. This

was based on the assumption that the vehicle would follow a constant tempera-

ture trajectory so that the thermal environment encountered was not more severe

than at Mach 12. The weights presented in Table XLI were the estimates from

design studies. The weights required from a performance standpoint are dis-

cussed and presented in Appendix F-1.

7.6.2.5 Vehicle Performance SunmmmZ

7.6.2.9.1 General Considerations

This section summarizes the mission study results obtained for

the 12 Class 1 composite propulsion systems. The principal study vehicle/

mission model, described below, was utilized for determining the payload
results. The characteristics of the model are reviewed below:

Vehicle (Reference Section 7.6.1)

Configuration: Completely reusable, two-stage, horizontal takeoff and

landing, lifting body configurations fo_ both stages, 1.O million lb

gross weight (Figure 9)

Propulsion: First stage = Composite engine (Class 1 selections); second

stage = Advanced hydrogen-oxygen rocket engine (Reference Section 6.6)
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Staging Point: The dynamic pressure at separation, following an air-

breathing pull-up, was 200 lb/ft 2, first stage nominal propulsion termi-

nation was Mach 8 for non-ScramJet systems (Engines Nos. 9, ll, 21, 23,

29, and 31) and Mach 12 for ScramJet systems (Engines Nos. lO, 12, 22,

24, 30 and 32).

Mission (Reference Sections 7.6.1.6 and 7.6.2.1)

Payload and Disposition: Nominally 2 crew, lO passengers and variable

cargo weight delivered to a 262 n. mile circular orbit, orbital inclina-

tion approximately 30 °

Mode of Recovery: Both first and second stages returned to base of origin

and landed horizontally -- first stage power-on, second stage, power-off

The performance results for each of the Class 1 propulsion systems are

described here for the following major elements of the mission profile: ascent,

prestaging pull-up, and return to base and landing. Payload performance is

stated for each system, both in terms of gross payload to orbit and second stage

gross weight (light-off conditions) at staging conditions.

Concluding this payload results section, the 12 composite systems are

compared in terms of a number of significant parameters, e.g., takeoff dis-

tance, second stage dry weights, propulsion system weight, (Table XXXII). Two

nominal comparison cases are also shown, namely, an advanced rocket (Engine

No. O) and an advanced turbomachine-based airbreathing system (Engine No.X).

It has been pointed out (Section 7.1.2) that the rocket case reflects a

horizontal, self-powered takeoff mode which waslater(Class 2 phase) demon-

strated to be an inferior approach, from a payload standpoint, to both vertical

takeoff and externally powered sled horizontal launching. A final comparison
of all three rocket modes is given in Section 8.6.2.7 (in Volume 3).

7.6.2.5.2 Ejector Ramjet (Engine No. 9)

It will be recalled that the Ejector Ramjet case was fully

developed in Section 7.6.1.6 to illustrate the basic performance determination

method, as well as several perturbation analyses. Therefore, only the payload

and second stage gross weight will be repeated below for the Ejector Ramjet

in its selected vehicle configuration, namely, the lifting body:

Second stage gross weight = 298,691 ibs

Payload = :25,000 lbs
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7.6.2.9.3 Ejector Scram_et (Engine No. 10)

The Ejector ScramJet represented the supersonic combustion

ramjet version of the "parent" Ejector Ramjet engine. Where the Ejector Ramjet

system (No. 9) has a maximum airbreathing Mach number of 8, the Ejector Scram-

Jet system operates to Mach 12, thus reducing the second stage AV requirement.

The Ejector ScramJet system (Figure 131) has a takeoff thrust loading

ratio of 1.362, which accommodates liftoff at 332 fps (lO percent margin) in

1260 feet. The CAR runway length requirement was 3680 feet.

The determination of the correct Mach number at which to make the tran-

sition from ejector mode to the subsonic combustion ramjet mode was evaluated

by the criterion of equal propellant consumption, represented by the effective

impulse (IsPe). Figure 196 shows the transition points which _ere selected as

a function of contraction ratio and cowl size.

The trajectory utilized was the same as that described in the preceding

section for the Ejector Ramjet (No. 9) from takeoff to Mach 4. At Mach 4, the

trajectory (shown in Figure 199) deviated so that it "#as tangent to lO00 psf

at Mach 6 in order to reduce the internal pressure to lOO psia at the end of

the supersonic combustion mode. A lO00 psf trajectory was followed to Mach 12

in order to minimize the propellant consumption by maintaining vehicle angle

of attack between 1.5 ° and 3°.

The selection of the best compromise between inlet contraction ratio and

cowl size, as discussed in Section 7.6.1.3, was determined by summing up the

installed propulsion, hydrogen, and hydrogen tank weights for various cowl
sizes and for contraction ratios of 2 and 3. The values of this parameter

versus cowl size are plotted in Figure 197 which shows the best compromise

to be 348 sq ft for a 2:1 contraction ratio.

Due to the lack of specific performance information on airbreathing pull-

ups at Mach 12, an equitable approximation was made by assuming the same percent-

age loss in total energy as that incurred by the Mach 8 system (Ejector Ramjet).

The resulting staging velocity was ll,800 fps with _ = 7 ° at a 200 ° psf dynamic

pressure level, with a corresponding downrange displacement of 60 n. miles.

(The Class 2 studies determined the pull-up perfor_mnce for the Scramjet systems).

The first post-staging sequence consisted of the following phases:

1. A power-off (inlet closed) ascent to apogee and descent to Mach 6

2. A 2.25 g power-on turn at Mach 6 (_ 180 °)

3. A cruise at maximum L/D at Mach 6
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h. Power-off L/D maximum glide for 630 n. miles

5. A power-on landing with 5 minute loiter

The total displacement at the initiation of pull-up was 1200 n. miles w_th

a total power-on (including turn and cruise) distance of 1037 n. miles.

The total propellant required for the first stage return to base and land-

ing was 16.4 percent of the first stage burnout weight. The vehicle landing

speed was 298 fps (power off), with a touchdown angle of 12 @.

Using the total boost propellant and engine weight associated with the

selected engine cowl size and contraction ratio previously determined, a

second stage gross weight of 185,764 pounds was deposited at the staging

point.

The payload for the staging velocity of ll,800 fps and _ = 7 @ for this

second stage weight was 29,000 pounds.

7.6.2.5.4 Supercharged Ejector Ramjet _En6ine No. ii)

The Supercharged Ejector Ramjet was basically an Ejector Ramjet

with the addition of a low compression ratio fan (single stage) to augment the

primary boost mode and provide increased loiter performance.

The propulsion sizing of the Supercharged Ejector Ramjet resulted in the

same takeoff thrust loading and planform loading as the Ejector Ramjet. Con-

sequently, the takeoff characteristics were unchanged.

The major difference between the systems, with respect to ascent per-

formance, was the increased air augmentation due to the fan during the boost

to ramjet takeover at Mach 1.8. At this point, the fan was stowed out of the

way for the ramjet mode.* Figure 198 presents a comparison of the propellant

consumption and the sum of propellant plus propulsion weight as a function of
thrust loading to Mach 8 for the Supercharged Ejector Ramjet (No. ll) and

Ejector Ramjet (No. 9) systems. The sum of propellant plus propulsion weight

indicated a 14,000 lb weight advantage for the Supercharged Ejector Ramjet

system, which was basically transferable as second stage gross weight. There

was no significant alteration of the 1.25 takeoff thrust loading ratio (five

engines ).

The other difference in performance between the Supercharged Ejector

Ramjet and the Ejector Ramjet existed in the landing/loiter mode, where under

fan-only operation (no afterburning or primary operation), sufficient thrust

* The intermediate Fan Ramjet mode was first utilized in the Class 2 analysis,

where a strong benefit to payload performance was substantiated. The Class 1

analysis was not subsequently redone.
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existed to maintain cruise flight at Mach 0.3. The specific impulse at this

speed on fan-only operation was 14,_O0 seconds, as compared to 375 seconds for

the basic Ejector Ramjet system. Although the cruise-back distance was the

same, the return and landing fraction decreased from 14.4 percent to 3.5 per-
cent of the first stage burnout weight. The landing speed at a 12 ° angle of

attack (power off) was 279 fps, with a lO percent velocity margin.

The performance and increased engine weight (Section 7.6.1) due to the

fan were integrated to obtain the payload performance of the Supercharged

Ejector Ramjet. Because of the increased performance during primary boost

to Mach 1.8 and during loiter on fan-only operation, the Supercharged Ejector

Ramjet System (No. ll) deposted a 376,067 lb second stage, as compared with

298,691 ibs for the parent Ejector Ramjet system (No. 9).

The Supercharged Ejector Ramjet system yielded a 34,600 lb payload, in

comparison with the 25,000 lb value for the Ejector Ramjet system (No. 9).

7.6.2.5.5 Supercharged Ejector ScramOet (Engine No. 12)

This system was basically the Ejector ScramJet (No. lO) with

the addition of the low compression ratio fan to provide additlo_l air aug-

mentation during primary boost to Mach 1.9 and increased specific impulse

during the loiter mode by fan-only operation.

The system takeoff characteristics are as follows:

__0_ V!ift_off

Distance

CAR runway length

= 332 fps

= 1260 feet

= 3680 feet

To evaluate the effect on ascent performance to Mach 12, the following

procedure was employed:

WSERJ(ll) to Mach 2.0, determined to be 1.0437,

The performance ratio WERj(9 )

was applied to the SESJ system (12).

WM-12 for the ESJ system (No. i0),

Utilizing the ram/ScramJet performance WM_2

the Mach 12 performance weight was determined to be 655,678 pounds for

the SESJ system (No. 12).

Since no significant difference in the effect on propulsion performance

due to adding the fan appears to exist, and since the effect of the fan on the
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Ejector Ramjet system did not alter the thrust loading, the above application

was made for assessing the Supercharged Ejector ScramJet.

The loiter specific impulse for the Supercharged Ejector ScramJet is the

same as that for the Supercharged Ejector Ramjet, namely, 14,400 seconds. The

resulting return and landing performance factor, in terms of propellant re-

quired for the Supercharged Ejector Scramjet system (No. 12) was 6.5 percent

of the first stage burnout weight, as compared to 15.8 percent for the Ejector

Scramjet system (No. lO). The first stage power-off landing speed was 284 fps.

Integration of the above performance factors with the increased en__ne

weight due to the fan (Section 7.6.1.4) yielded a second stage gross weight

of 281,749 pounds, with a resulting payload capability of 90,000 pounds.

(The Ejector Scramjet system (No. lO) yielded a second stage weight of L_5_76_

pounds and a payload of 29,000 pounds).

Prior to the discussions of the air liquefaction system_, the non-air Lique-

faction.systems are summarized as follows:

Mach Engine
System Number Number

Ejector Ramjet 8 9

Supercharged Ejector Ramjet 8 ll

Ejector ScramJet 12 l0
Supercharged Ejector Scramje_ 12 12

W 2

(lbs)

298,691

376,067

185,76_

281,749

WpL

(Ms)

25,000
f_h, bOO

29,000

50,000

7.6.2.5.6 RamLACE (Engine No. 21)

The RamlACE propulsion system (See Figure 130) was the parent

engine of the air-liquefactlon group which was selected for Class 1 ar_lysis.

The air-liquefaction process eliminated the need to carry on-board oxidizer,

and it thus provided for substan_ally increased primary mode specific im-
pulse relative to the non-alr liquefaction types. The RamLACE employed a sub-

sonic combustion ramjet mode from Mach 2 to 8.

Because of the high primarym_de specific impulse, the RamLACE system

(No. 21) thrust loading ratio was reduced to 0.875 at takeoff, relative to the

1.25 T/W ratio for the Ejector Ramjet system (No. 9). The 0.875 thrust loading
ratio and lifting body planform area (14,000 sq it) resulted in a liftoff

velocity of 366 fps in a distance of 2400 feet (CAR runway length of 5330 feet).

Investigation of the maximum performance path to Mach 8 indicated the

following trends:
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. The variation in incremental fuel consumption with dynamic pressure

path presented in Figure 199 was essentially identical to that for

the Ejector Ramjet system (No. 9) (Figure 191). Consequently, no

alteration of the "selected" ascent path was required during the

primary boost mode. Figure 199 also indicates a Mach 2.0 transition

from primary mode to ramjet mode operation.

2e The sum of primary mode fuel plus engine weight from Mach 0 to 2.0

presented in Figure 200 was at a minimum for three and one-half

250,000 lb thrust engines (T/W = 0.875) operating on the high dynamic

pressure path. As in the case of the Ejector Ramjet system, the

ascent path was constrained to a dynamic pressure of 1750 psf to

avoid high structural penalties.

e The RamLACE system (No. 21) employed the same ramjet performance

as does the Ejector Ramjet system. Although the RamIACE vehicle

was heavier during ramjet operation, the capture area sizing (290

sq ft) was not affected, as indicated by the fuel plus inlet weight

from Mach 2 to 8 in Figure 201. The 150 psia maximum inlet dif-

fuser pressure was observed, in addition to the 1790 psf dynamic

pressure constraint, as in the case of the Ejector Ramjet system

(No. 9).

In summary, the RamLACE system sizing resulted in a thrust loading ratio

of 0.875 (three and one-half 250,000 lb thrust engines), a 290 sq ft capture

area, and it ascends the Ejector Ramjet (No. 9) selected path. The total

hydrogen consumed to Mach 8 was 188,260 pounds. The system weight history

and displacement distance from base during the boost to Mach 8 are presented

in Figure 202.

The two major factors which influence the RamlACE system return-to-base

mode were the boost displacement range, and the loiter specific impulse.

The total pre-cruise displacement range, considering the boost, pull-up,

descent, and turn, was 560 n. miles, which resulted in a net cruise-back

range of 166 n. miles to the start of the p_wer-off glide. The pull-up,

descent, and turn performance utilized for the RamLACE was that determined

for the Ejector Ramjet (No. 9), and while the cruise L/D and Isp were also

the same, the cruise range and, consequently, the fuel were less. This,

coupled with the higher loiter specific impulse, resulted in a return and

landing fuel requirement of 5.93 percent of first stage burnout weight (this

compares with 14.4 percent for the Ejector Ramjet system).

The RamLACE first stage vehicle had a landing speed (i.i VL power off) of
278 fps.

The air-llquefying RamLACE system (No. 21), by eliminating the require-

ment for on-board oxidizer, resulted in substantially increased second stage
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gross weight capability relative to the non-air liquefaction counterpart, the

Ejector Ramjet (No. 9). The comparable second stage weights for the systems

(Mach 8) are 455,965 and 298,691 pounds, respectively. The Class 1 payload

extrapolation yielded 45,000 pounds for RamLACE (No. 21), as against the

25,000 ib payload for the Ejector Ramjet (No. 9).

7.6.2.5.7 ScramLACE (Engine No. 22)

The ScramLACE system was the supersonic combustion version of

the RamLACE system (No. 21). It utilized airbreathing propulsion to Mach 12

instead of to Mach 8.

The $cramLACE thrust loading ratio of 0.962 provided for i.i VL.0. at

368 fps in a distance of 2220 feet. For aborted takeoff, the required run-

way length is 5070 feet ...................

The selection of the correct cowl size to give the minimum propulsion

plus fuel weights dictated a compromise between the high inlet geometric con-

traction ratio (Ac/A2) desired for supersonic combustlon_ a_d the larger mixer

and burner necessary for adequate low speed (Mach 0 to 3) thrust. The thrust

per square foot of cowl area in the Mach 0 to 3 regime was directly propcr-

tional to the mass flow_ which was limited by the engine nozzle area. The

cowl size and contraction ratio chosen also determined the point at whichthe

liquid air primary rockets can be shut off and flight sustained by the Scramjet
mode in the subsonic combustion mode. This transition point was determined

by the criterion of equal propellant consumption of the engine in the primary

or ejector mode, compared to the ramjet mode. Contraction ratios of 2 and 3

were evaluated.

The selected dynamic pressure trajectory of lO00 psf from Mach 4 to air-

breathing termination represented a compromise between the vehicle fuel con-

sumption and the installed propulsion weight.

The sum of propulsion plus fuel plus tankage weights is shown in Figure

203 for the various cowl sizes and contraction ratios which were considered.

The fuel quantities did not include the amount required for the airbreathing

pull-up or the return to base. The airbreathing pull-up characteristics were
the same as those described for the Ejector ScramJet system (No. 10).

The first stage return to base and landing operational sequence was the
same as that described for the Ejector Scramjet (No. lO). A higher loiter

specific impulse for ScramLACE yielded a return to base fraction of 5.93 per-
cent of the first stage burnout weight (as compared to 16.4 percent for the

Ejector ScramJet).

The ScramLACE system (No. 22) utilized suoersonic combustion to achieve

a high staging velocity efficiently, and deposited a 358,113 lb second stage

- 417 -
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at a velocity of 11,800 fps. The corresponding payload was indicated to be

68,000 pounds. This compared with the subsonic combustion counterpart RamLACE

(No. 21) payload of 45,000 pound_.

7.6.2.5.8 Recycled RamLACE (Engine No. 23)

The use of recycled, subcooled (slush) hydrogen for the air-

liquefaction systems required substantially increased heat exchanger area to

achieve the lower equivalence ratio (higher oxidizer-to-fuel ratio) which

resulted in the large specific impulse gains (Mach 0 to 2) relative to the

liquid hydrogen systems. An installation of a typical recycled RamLACE engine,

made to assess the packaging problems associated with the large heat exchanger

requirements, indicated that sufficient volume and fuselage depth exist above

the engines in the space between the longitudinal beams to accommodate the

heat exchanger. Figure 204 illustrates the packaged engine.

Operationally, the recycled system recirculated a portion of the hydrogen

from the heat exchanger back to the tank for condensation, with the remainder

injected into the engine.

Due to the higher density of the slush mixture and the increased per-

formance of the system, a reduction in required total tank volume of 16 per-

cent relative to the basic RamLACE system was achieved. This reduction does

not significantly alter the vehicle planform.

The Recycled RamLACE system (No. 23) had a takeoff speed of 374 fps

(T/W = 0.750) with a ground run of 2960 feet (CAR runway length requirement

of 6080 feet). The cumulative time during the primary mode ascent is pre-

sented as a function of Mach number in Figure 205. For a total required engine

heat rate of 68,300 Btu/sec and a heat sink of 7,300,000 Btu available with the

90 percent slush mixture, the time for complete dissipation of the subcooled

hydrogen was 1.78 minutes. Because of the recirculation to the tank, a mix-

ture at takeoff of 50 percent slush and 50 percent liquid was all liquid by

Mach 1.4, where the engine then reverted to basic RamLACE performance.

The takeoff thrust loading was determined by summing the fuel plus engines

to Mach 2, and resulted in three 250,000 lb (T/W = 0.790) Recycled RamLACE

engines as indicated in Figure 206.

On the basis of having slush available, the system weight at Mach 2 would

be 947,6]3 pounds, but reverting to basic RamLACE performance at 1.4 yielded

a Mach 2 weight of 937,960 pounds. Applying the RamLACE (No. 21) ramjet mode

performance from Mach 2 to 8 resulted in a Recycled RamLACE system (No. 23)

weight at Mach 8 of 828,875 pounds.

The system pull-up, return to base, and landing performance incorporated

that of the RamLACE system (No. 21). 0nly minor alteration of the boost dis-

placement distance existed, primarily in the Mach 0 to 1.4 range, where the

displacement was of minor significance.
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The integrated performance of the Recycled RamLACE system (No. 23) indi-

cated a payload of 47,900 pounds, or an improvement of 2900 pounds over that of

the non-recycled basic RamIACE system (No. 21). The second stage gross wei6ht

deposited at the staging point was 479,363 pounds, as compared with the basic

RamLACE value of 495,965 pounds.

7.6.2.9.9 Recycled ScramLACE (Engine No. 24)

The Recycled ScramLACE system was the supersonic combustion

version (Mach 12) of the Recycled RamLACE (No. 23).

Because of the complex effect of contraction ratio on primary and Scram-

Jet mode performance, no attempt was made to resize the basic Scram,LACE

thrust loading and capture area. Rather, the potential of utilizing sub-

cooled hydrogen was assessed in terms of the fuel weight reduction achievable

to the system staging point. The approach in the analysis was as follows:

1. The basic ScramLACE (No. 22) thrust loading was retained. Conse-

quently, the takeoff performance and time to Mach 1.4 (100 percent

liquid condition) of the Recycled ScramLACE were assumed to be equal
to those of the ScramLACE system (No. 22).

2. The performance effect of subcooled hydrogen utilization (Mach 0 to

1.h) resulting from the Recycled RamLACE (No. 23) relative to the

basic RamLACE (No. 21) was applied to the Recycled ScramIAcE (No. 24),

i.e._

= 1.0282

3- The ScramLACE mass fraction from Mach 1.4 to staging (0.7900) was

applied to the subject system.

The resulting system weight at staging was 760,900 pounds, or 20,900

pounds greater than the ScramLACE (No. 22). The return to base and landing

perfor_mnce was that of the ScramLACE system with the exception of the landing

speed (295 fps).

The Recycled ScramLACE system deposited a 371,463 lb second stage at the

staging point (ll,800 fps). The payload was 71,000 pounds, which was 3000

pounds greater than the payload of the basic ScramLACE system (No. 22).

7.6.2.5.10 Su?ercharged Ram_CE (En__ne No. 29)

The Supercharged RamLACE system represented the addition of

a low compression ratio fan to the basic RamLACE (No. 21) cycle, resulting

in increased boost and loiter performance.

- &23 -
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The system was assessed as a perturbation to the basic RamLACE system

(No. 21) by evaluating the effect of the increased propulsion performance due

to the additional augmentation provided by the fan.

The system takeoff characteristics were those of the RamLACE system, since

adding the fan to the Ejector Ramjet system (No. 9) indicated no resizing of

the propulsion package.

The weight histories of the two systems are compared in Figure 207 which

indicates that the supercharged system consumed 13,374 pounds less hydrogen

to reach Mach 8 than the basic RamLACE system cons_ed.

The effect of the fan addition on the return and landing mode performance

was to increase the 9 minute subsonic loiter specific impulse to 14,400 sec-

onds. This resulted in a return performance fUel requirement of 2.89 percent

of the first stage burnout weight, as compared to 9.93 percent for the basic

RamLACE (No. 21). The landing weight of 318,975 pounds yielded a power-off

touchdown speed of 276 fps for the Supercharged RamLACE vehicle.

Incorporation of the increased boost and loiter performance yielded

second stage gross weight of 486,960 pounds, as compared to 495,969 pounds

for the basic RamLACE system. The resulting payloads were 49,000 and 49,000

pounds, respectively.

7.6.2.9.11 Supercharged ScramLACE (Engine No. 30)

The Supercharged ScramLACE was the fan version of the basic

ScramLACE (No. 22). It incorporated increased boost and loiter performance

with no change in thrust loading.

No alteration of the basic ScramLACE takeoff characteristics were made.

The boost performance effect of supercharging the basic RamIACE was applied
to the ScramLACE. Adding the fan to the basic RamIACE resulted in a 1.96

percent increase in system weight at Mach 2.5. Applying the ScramLACE mass

fraction (0.8199) from Mach 2.5 to staging (Vs = ll,800 fps) yielded a system

prestaging weight of 791,500 pounds for the Supercharged ScramLACE (No. 30)

system, or an increase of ll,900 pounds over that of the basic ScramLACE

(No. 22).

Application of the subsonic loiter specific impulse with fan-only opera-
tion to the return performance yielded a fuel requirement of 6.10 percent of

the post-staging weight, as compared with 8.97 percent for the non-supercharged

system. The power-off landing speed for the Supercharged ScramLACE system

was 292 fps.

7.6.2.9.12 Recycled Supercharged RamIACE (Engine No. 31)

This system incorporated the advantages of fan addition plus

the use of subcooled hydrogen in the basic RamLACE system.
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Investigation of the minimum fuel plus engine weights from Mach 0 to 1.4

indicated a minor change in takeoff thrust loading for the Recycled Super-

charged RamLACE system relative to the non-supercharged Recycled RamLACE

(No. 23) (Figure 208). The Recycled RamLACE system (No. 23) thrust loading

ratio of 0.750, based on Mach 0 to 2 performance, was retained for the Re-

cycled Supercharged RamLACE (No. 31) and consequently, yielded comparable

takeoff performance characteristics.

The weight at Mach 1.4 (the conversion point to all-liquid H2) for the

Recycled Supercharged RamLACE system (No. 31) was 968,024 pounds for three

250,000 lb thrust engines. The system weight at Mach 8 was determined from

the ratio of the Supercharged RamLACE (No. 29) weight at Mach 8 to that at

Mach 1.4 (0.8700). This yielded a Recycled Supercharged RamLACE (No. 31)

system weight of 842,181 pounds at Mach 8, or a 30,4]_I ib advantage over the

basic RamLACE (No. 21).

The Recycled Supercharged RamLACE (No. 31) has the same return perform-

ance as the non-recycled Supercharged RamlACE system (No. 29). The landing

speed was 273 fps.

The compounded effect of subcooled hydrogen and fan addition to the

basic RamLACE (No. 21) was to increase the second stage gross weight capa-

bility from 455,965 pounds to 510,109 pounds. This corresponds to payloads

of 45,000 to 52,000 pounds, respectively, for the basic RamLACE (No. 21) and

Recycled Supercharged RamLACE (No. 31) systems.

7.6.2.5.13 Recycled Supercharged ScramLACE (Engine No. 32)

The basic ScramLACE system (No. 22) was perturbed for the

addition of the low compression ratio fan (to ramjet takeover at Mach 2.7)

and the use of subcooled hydrogen (Mach 0 to 1.4).

No adjustment of the basic ScramLACE system propulsion sizing was made

due to the complexities of altering the contraction ratio on the total ascent

performance. The Recycled Supercharged RamLACE system takeoff characteristics

were then equivalent to those of the basic ScramLACE system.

The system weight at Mach 12 was determined by adjusting the Recycled

ScramLACE system (No. 24) by the effect of the fan addition to basic ScramlACE

at ramjet takeover (1.0169). This yielded a Recycled Supercharged RamLACE

system weight at Mach 12 of 782,761 pounds, as compared to 748,600 pounds for

basic ScramlACE system.

Integration of the ascent performance and utilizing the Supercharged

ScramLACE system (No. 30) return and landing fuel penalty yielded a second

stage gross weight at ll,800 fps staging of 398,611 pounds, compared to
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358,113 pounds for basic ScramLACE (No. 21). The comparable payloads for the

Recycled Supercharged and basic ScramLACE systems were 77,800 and 68,000 pounds,

respectively. The Recycled Supercharged ScramlACE first stage landing speed

was 296 fps (power-off with lO percent margin, _ = 12°).

7.6.2.5.1A System Perturbation Summary

The perturbations made on the Ejector Ramjet system (No. 9)

to determine the effect on payload performance were as follows:

i. Engine complement sizing (A-engine vs. 6-engine installation)

2. Engine mmss flow ratio (low 1.5:1) vs. high (3.0:!)

3. Engine installation (2D vs. az_syrzr.etric inlet)

4. Take-off mode (HTO vs. VTO)

The perturbaLions were made basically to the Ejector Ramjet system. How-

ever, the results were generally applicable to the 12 basic systems.

Figure 209 summarizes the previously described perturbations

in terms of second stage gross weight (indicative of direct pounds of first

stage weight involved) and payload delivered to the target orbit (262 n. miles).

The results of the configuration study indicated the superiority of the

lifting body in reducing system drag and providing stabilizing surface area at

low unit weight.

The 4-end_he versus 6-engine installations (cylindrical body/wing) were

indicated to be a stand-off. The long inlet associated with the 4-engine case

was slightly more de-stabilizing.

Increased engine mass flow offered a potential payload increased for both

the Ejector Ramjet (No. 9) and the RamLACE (No. 21) systems. However, the drag

associated with the increased external inlet surface angles was not included

and may offset the indicated advantage.

For both the cylindrical and conoidal body/wing configurations, the axisym-

metric propulsion installations indicated payload degradations (without the

inclusion of pylon and nacelle/vehicle interference drag).

The vertical takeoff mode exhibited a substantial payload decrement for
the composite propulsion systems.

The single stage to orbit system indicated that substantially decreased

inert weight (20%) was required to achieve orbit (with zero payload) with the

minimum required weight reduction occurring for a maximum airbreathing boost
velocity of l_,O00 fps.
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7.6.2.5.15 Advanced Rocket (Engine No. O)

The Advanced Rocket previously described in Section 7.6.1.1.5

and illustrated in Figure 133 was designed to the same ground rules as the 12

composite systems, i.e., 1.O million lb gross weight, 02-H 2 propellants, and

horizontal runway takeoff from zero velocity.

The Advanced Rocket first stage wing was sized for a 400 fps runway takeoff

velocity (lO percent margin) at a 16 ° angle of attack. The takeoff thrust-to-

weight ratio of 1.5 provided for liftoff in 1710 feet (4930 ft runway length

required for aborted takeoff).

The performance AV values presented in Figure 210 were a result of the

Reusable Orbital Transport study (Reference 19). The AV values correspond to

minimum fuel paths to a 50 n. mile injection orbit altitude for a due east

launch. The second stage AV included the 1523 fps post-injection requirement.

The staging velocity was varied from 4500 to 7500 fps in the analysis.

The first stage post-staging sequence consisted of a down range ascent to

apogee and descent to Mach 0.6 at y = 45 °• At Mach 0.6, a turn was initiated,

followed by a c_uise back to base on hydrogen-converted, C-5A transport type

turbofan engines. The turn and cruise-back range is presented in Figure 210

as a function of the system staging velocity. (These data are also taken

from the Reusable Orbital Transport study Reference 19.) The first stage

return to base and 5 minute loiter fuel penalty for the 7500 fps staging

velocity (based on Isp = 5000 seconds) was 10.2 percent of the system post-
staging weight. The first stage had a power-off landing velocity (1.1 Vlanding)

of 306 fps.

The payload performance of the Advanced Rocket system was determined as a

function of staging velocity and presented in Figure 211. As indicated, the

maximum payload occurred for a staging velocity of 7500 fps, with a value of

8400 pounds. (The advanced rocket system will be re-evaluated in the Class 2

studies for the HTO gear, HTO sled, and VTO modes, See Volume 3.)

7.6.2.5.16 System Performance Summar_

Table XLII summarizes the performance characteristics of the

12 basic systems and the Advanced Rocket (No. 0). A turboramJet system (No. X)

designated for Class 2 system analysis to provide a "benchmark" for the "pure

airbreathing" end of the propulsion spectrum is analyzed on the basis for

Class 1 input data, and it also is presented in Table XrLII for reference.

7.6.2.5.17 Class i Study Phase Conclusions

The payload performances of the 12 basic systems defined for

Class 1 vehicle/engine integration are presented for convenience in the bar

chart of Figure 212. Also presented is a system hardware cost indicator (Total
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system dry weight per pound of payload delivered) evaluated to ascertain that

the high performance systems were not characterized by high hardware costs.

The results of the study indicated the following conclusions:

i. The use of supersonic combustion systems (Nos. lO, 12, 22, 24, 30,

and 32) increased the payload relative to the subsonic combustion

counterparts (Nos. 9, ll, 21, 23, 29, and 31) by 50 percent.

e

1

The use of air liquefaction systems (Nos. 21 to 32) substantially

increased the payload relative to the non-liquefaction ejector

ramjet types (Nos. 9 to 12) by _ lO0 percent.

The addition of a fan to the ejector ramJet/Scramjet systems (Nos. 9,

lO) increased the payload by 45 percent because of the increased

boost and loiter performance resulting from large specific impulse

gained in the Mach 0 to 1.8 range. The use of the fan vith the air

liquefaction systems (Nos. 21, 22, 23, and 24) provided minor payload

gains (i0 percent) due to the lower relative specific impulse increase.

4. The use of subcooled hydrogen (slush) resulted in minor payload in-

creases (5 percent).

_o The system inert weight-to-delivered payload fraction indicated the

system hardware cost to be essentially proportional to payload per-

formance for the composite engine systems.

Other significant results indicated by the Class i analysis were as

follows:

1. The lifting body vehicle configuration indicated substantially superior

performance relative to the winged cylindrical or conoldal body vehicle

configurations, for application to composite engine powered orbital

launch systems.

2. The vertical takeoff mode exhibits inferior performance relative to

the horizontal takeoff mode for composite propulsion systems employ-

ing a high degree of air augmenta_tion and low thrust-to-weight ratio

relative to a rocket system.

7.7 Selection of Class 2 Szstems.

The Class ! composite engine payload ranking was given in Section 7.6.2.5.

Figure 212 graphically presented the final ranking results. The procedure for

selecting the Class 2 engines is represented in Sketch H, below.
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! j
Approach for ClAss 2 Engine Selection

The Class i/2 selection criteria were similar to those used in selecting

the Class 1 systems. For a general discussion of these criteria, see Section

6.6. Again, payload performance was the primary criterion used in the selec-

tion. For reasons discussed in the vehicle section, the single stage model

was not a prime consideration in the payload ranking; rather the two-stage

performance information was used fundamentally.

The remaining three criteria -- operational flexibility, technical risk

(probably need-time) and system hardware cost indications -- were injected at

this point in basically an unquantified fashion. The results of applying these

lesser criteria were several. Full recoverability was emphasized over minimum

concepts such as parachuting spent stages into the ocean, considering that the

use period for these systems was, in fact, to be of the order of a decade away

from the present time.

Another guideline which developed was that in the selection of the Class 2

systems, technical risk should be apportioned to the engine selected in such a

way as to provide both (1) a relatively low risk, lower payoff concept and,

(2) a relatively higher risk, high payoff concept. The system hardware cost

indicator again was the vehicle inert-to-payload weight ratlo3 given the pay-

load bar chart (Figure 212). Again, this indicator indicated that the bast

performing systems (in terms of absolute payload) also appeared to be the

less expensive hardware items in vlew of this criterion.
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The selected Class 2 engines are listed in Sketch I, below:

Supercharged Ejector Ramjet (Engine No. 11)

Attractive payload potential with minimum

technology uncertainties -- Providing a

nearer term availability

ScramLACE (Engine No. 22)

Maximum payload potential via the combination

of air liquefaction and supersonic combustion

ramjet operating modes, which are. not fully

developed technologies

Sketch I. Selected Class 2 Engines

With reference to the payload performance summary (Figure 212), it can

be seen that a continuation of the duality of non-liquefaction/liquefaction

engines_ reflected in the Class 1 selection, is also carried forward into the

Class 2 studies. That is, both an air Liquefaction engine and a non-air

liquefaction engine will be further appraised. Each of these is clearly a

better performer in its category, whereas at the same time additional complex-

ity (e.g., Recycled ScramLACE) brought only modest gains in payload. The sig-

nificant advantage of the Supercharged Ejector Ramjet (No. ll) over the basic

Ejector Ramjet (No. 9) is notable. This caused it to be chosen as a Class 2

system despite the somewhat additional complexity of the fan subsystem.

As suggested in Sketch I, the concept of having two packages of varying

technical risk is apparent in the engines_hich were selected. Engine No. ll

does represent a significant improvement in potential over the baseline rocket

in a concept that has little technical risk associated with it. On the other

hand, Engine No. 22 represents a substantially higher payload potential. How-

ever, two technological risk areas are apparent: (1) the air liquefaction

process and, (2) the ScramJet mode operation.
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SKETCH J. Schematic of Supercharged Ejector Ramje_ (Engine Nc. Ii)

"i_.eSupercharged Ejector Ramjet is schematically shown here (Sketch J)

as a basic Ejector Ramjet which has mounted before the mixing section a low

to moderate pressure ratio, thin profile, low blockage fan subsystem. In

concept, the fan can be driven by either an airbreathing or a blpropellant

gas generator. The relative merits of each of these concepts was appraised
in the Class 2 studies. The fan acts to supercharge the basic cycle in the

initial acceleration mode thereby improving its specific impulse while re-

ducing the rocket subsystem sizing. Perhaps most important, it provides a

mode of operation for low speed flyback to base via a ducted fan mode with or

without plenum burning. (This would be accomplished by rel!ghting the after-
burner at various degrees of lean burning up to stoichiometric burning.)

/--MIXER/DIFFUSER

HEAT EXCHANGER._ / _-COMBUSTOR

L._._-- _1- • _l ½ r _!_ _ _= EXIT__I

THRusT
T_SEMBLY_FO_; CHAMBER ASSEMBLY

SKETCH K. Schematic of Scr_CE (Engine No. 22)
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The ScramLACE engine (No. 22) is schematically represented (Sketch K)

as having inlet and exit configurations which are compatible with the Scramjet

mode of operation. The heat exchanger subsystem shown in the engine flow

passage will, from practical considerations, be located externally to the

through area of the powerplant as indicated on the Class 1 conceptual designs

given earlier.

During the ramjet mode, the afterburner would be operating normally at
full stoichiometric combustion. At the transition to the Scramjet mode, the

fuel injection would be phased forward into the mixer (the primary rocket

station is indicated) to permit heat addition at the maximum cycle pressure

and minimum flow Mach number. The phasing of burning from the afterburner

to the mixer would be so programmed that the flow would not initially beco_

thermally choked in the mixer, i.e., some fuel injection would continue in

the afterburner. At high speed, all Lof the combustion would take place (con-

ceptually) in the mixing area. Fuel injection for this ScramJet mode com-
bustion will in all liklihood be made from the primary rocket subsystem

assembly and its supporting structures.

It might be noted that the geometric criteria for efficient mixing of

fuel in the ScramJet mode are approximately the same as those involved in the

rocket/air mixing phase for the ejector mode. This implies that the physical

geometry of the rocket structure might in fact be compatible with the Scram Jet

fuel injection requirement.

The presence of the primary rocket subsystem and its supports, as well
as the afterburner fuel injection struts (if these are not retracted), will

affect the supersonic flow stream and these must therefore be designed with

minimum stream shock losses as an objective.

7.8 Conclusions

The Class 1 systems phase, reported in this section and supported by the

Class 1 Engine Infor_mtion Report (Volume 6), constituted a productive mid-

phase for the program. Twelve leading composite engine concepts were broadly

evaluated and their performance potentials were ascertained in parametric

form. The vehicle aspects of composite propulsion were determined in signi-

ficant depth, for the first time in the study. An especially attractive

lifting body two-stage configuration was evolved which was demonstrated to be

markedly superior to alternative concepts_ e.g., the winged body configuration.

Although two highly divergent applications were explored for gaging the single

stage to orbit potential of composite propulsion (See Appendix E), no firm

conclusio_was reached. Problem areas were highlighted and a number of unique

technical approaches were brought forward.

Significant concluslcms, for the mission vehicle model (Section 7.6),

arising from the Class 1 study phase, are summarized below:
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7.8.1 En6ine Related Conclusions

1. Scramjet mode capability considerations dominate composite engine

geometric configurations by (1) stressing the need for a minimum mixer area

(A3) (to maximize contraction ratio (Ac/A3)) and (2) driving the layouts
toward rectangular cross sections for compatibility with vehicle-affixed

inlet compression and exit expansion surfaces. (This latter point is parti-

cularly evidenced in the Class 2 engine design results.)

2. Elevated primary rocket chamber pressure operation for Ejector

Ramjet based engines (up from the lO00 psia Class 0 base) provides (1) signi-

ficant increases in thrust per unit mixer area (reduced engine size and weight)

and (2) modest, but important improvement, in low speed engine specific impulse.

3. Primary rocket mass transfer cooling techniques (film, transpiration)

accompanying high chamber pressure may, however, cause deterioration of the

afterburning cycle due to combustion of cooling fuel with air in the mixer.

Performance and engine sizing may be severely penalized (See Item 5 below).

4. Utilization of single or multiple "annular bell" primary rocket com-

bustor/nozzle units appears to be a practical, and readily mechanized means
of achieving short engine mixing lengths, without requiring, in effect, a

large number of separate rocket engines within the mixer.

5. The hydrogen-oxygenprimary annular bell chamber, for the thrust level

considered (250,000 lbf), is characterized by very high throat heat flux (limit-

ing) at 2000 psia chamber pressure. The heat flux in the hydrogen air chamber

at lO00 psia is one-fourth as high, or less. In the overall view, the air

liquefaction primary rocket (LH2/LAIR) appears to be a considerably easier

technology proposition, than the non-liquefaction counterpart (LH2/L02).

7.8.2 Vehicle/Misslon Related Conclusions

i. Air liquefaction based engines (RamLACE) offer payload gains over

non-liquefaction systems (Ejector Ramjet) of up to i00 percent.

2. Supersonic combustion mode capability composite engines offer a

90 percent payload performance gain over comparative non-ScramJet systems.

3. Addition of a fan subsystem provides a marked advancement in Ejector

Ramjet based systems (_ 45%), but provides only nominal benefits to the air

liquefaction based engines for the mission model used.

4. Recycle hydrogen operation (Engines Nos. 23, 24, 31, and 32) provided

only nominal gains in payload capability as referenced to non-recycle bases

of departure. A salient problem was a recycle time limit imposed by the heat

rejection rate/heat sink balanee.
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5. For composite engines, the lifting body q_figuraticns with second

stage submergence (Figure 129 is typical) indicate_'_ubstantial!y superior

performance as compared to alternate winged cylindrical or conoidal (blunt

based) designs. HTO operation is favored over VTO for the Class 1 engines.

6. Single stage to orbit composite systems (_o be discussed in Appendix

E) evidence high payload/structural weight sensitivity (as is the case for

all-rocket propulsion). The HTO lifting body model failed to achieve orbit

with zero payload, without subst_qtially reduced structural weights (from

those estimated). A VTO axisymmetric vehicle model indicated striking but

problematically potential payload gains over an all-rocket reference, but

the very limited depth of this !nv_tig@_ion permitted no conclusion to be
reache_ The-basic_o_em,°_ain, was in arriving at a structural weight

basis.

....... 41_,.. ,-_, f #"
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Symbol Description

A

A
C

A 1

A3 '

A 4

A4/A3

A 9

A 6, A6 '

A6/A 5

A6/A c

A
O

AB

B

BL

C

C °

CA

C*

CD

Cf

Area, ft2j or rocket fuel turbopump designation

Cowl area, ft 2

Minimum area station in inlet (Inlet throat), ft 2

Inlet diffuser exit area (Air stream only), ft 2

Mixer exit area, ft2

Aft diffuser exit area, ft 2

Afterburner exit area, ft 2

Afterburner/Mixer diffusion ratio

Engine nozzle throat area, ft 2

Nozzle exit area, ft2

Exit nozzle expansion area ratio

Exit-to-capture area ratio (Scram0et)

Inlet capture area, ft2

Afterburner

Rocket oxidizer turbopump designation

Baseline

Constant; or ramOet AB turbopump designation

Ramjet afterburner turbopump designation

Axial force coefficient

Characteristic veloclty, ft/sec

Vehicle drag coefficient

Friction coefficient

P
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SUMPtuARY OF NOMENCLATURE (Continued)

Symbol Description

CF

CF_ CF

CL

CM

CN

CN

C
P

C
V

D

DAB

DN

f

f/a

F

F N

FNj

F/W

g

G

H

I s

Theoretical vacuum thrust coefficient

Thrust coefficient based on inlet capture area

Lift coefficient

Pitching moment coefficient

Normal force coefficient

Normal force coefficient curve slope at zero angle of attack,

dCN/d _ - per degree

Specific heat at constant pressure, Btu/lbm-°F

Specific heat at constant volume, Btu/lbm-°F

Drag, lbf; or diameter, in.

Diffusion and afterburning cycle

Bearing diameter-speed factor

Friction factor

Fuel-air ratio

Thrust, lbf

Net thrust

Net jet thrust

Vehicle thrust-to-weight ratio

Gravitational constant

Mass velocity, lbm/in.2-sec

Altitude, ft

Specific impulse, lbf-sec/lbm
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- z_.7 -



_a
JJ

rquarar _

UNCLASSIFIED

Report 25.19h

Volume 2

SUMMARY OF NO_AENCLATUR]E (Continued)

Symbol Description

Isp

I
sp

k

K

Specific impulse, lbf/lbm/sec

Effective impulse lisp (1-Drag/Thrust)]

Thermal conductivity, Btu/in.-sec°F

Thousand; Constant (Function of gas properties and mixer geometry)

K B
Ratio of induced lift on the fuselage to the lift of the

tail alone for variable angle of attack

Ratio of the lift on the tail in the presence of the

fuselage to the lift of the tail alone

L

_L

H, M_

• M* D

M
O

Length, in.

Nozzle percent length (Refers to 15 ° conical nozzle)

Flight Mach number

Local veloclty/Sonic velocity at throat

Local Mach number

MR Mixture ratio (0/F)

N Speed, rpm

N
S

HS

Turbopump specific speed

Normal shock inlet

NPSH Net positive suction head, ft

Nu Nuss elt number

o/F Oxidizer-to-fuel mixture ratio

p Pressure, psia

Po

P
C

Ambient static pressure, psla

Primary chamber pressure, psia
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SUMI_£ARY OF NOMENCLATURE (Continued)

Symbol Description

Pr

PRf

Ps

PT °

PT 2

PT2/PTo
4

P=

q

Q

R

R*

Re

Ref

RPM, rpm

Rt

SFC, SPC

SRI_

St

t

T

Prandt i number

Fan pressure ratio

Average static pressure on a surface, lb/ft 2

Inlet total pressure, psia

Inlet recovered total pressure, psia

Inlet total pressure recovery ratio

Combustion chamber pressure, psia

Free stream static pressure, lb/ft 2

Dynamic pressure, ib/ft 2

Heat flux, Btu/sec

Gas constant

Air turbine exhaust flow rate ratio

Reynolds number

Reference

Revolutions per minute

Throat radius of equivalent bell nozzle, in.

Sea level static

Simultaneous mixing and combustion cycle

Specific fuel or propellant consumption, ibm/hr-lbf

Vehicle reference area, ft2

Stanton number

Regenerative tube wall thickness, in.

Temperature, °R
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SUMMARY OF NOMENCLATURE (Continued)

Symbol Description

T

TNj

V

V
O

AV

W

W

W
P

Ws/W P

W
S

X

X

Y

Thrust, lbf

Net jet thrust, lbf

Velocity, ft/sec

Local velocity, ft/sec

Ideal velocity increment, ft/sec

Weight, ibm

Flow rate, lbm/sec

Primary flow rate, lbm/sec

Secondary/primary flow ratio

Secondary air flow, lbm/sec

Tank weight factor

Nozzle axial coordinate, in.

Nozzle radial coordinate, in.

Greek Letters

Vehicle angle of attack, deg

Ratio of specific heats (Cp/Cv); Ratio of specific heats of

primaries; Path angle referenced to horizontal

F Vehicle kick angle, deg

6 Two-dimensional wedge half angle, deg; Flow field deflection

angle, deg

A Increment

¢ Nozzle area ratio or tube roughness height, in.
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SURLIVIARY OF NOMENCLATURE (Continued)

S_mbol

e*

_AB

_c

_c*

_CF

_DRAG

_GEOM

e

em

Xp

p

T

_cond

_prec

_s' _sec

Subscripts

@o

0

I

Description

Nondimensionalized tube roughness height

Efficiency to correct for nozzle afterburning

Combustion efficiency based on enthalpy rise

Characteristic velocity efficiency based on velocity,

Nozzle efficiency, rocket

Efficiency to correct for viscous drag losses

Efficiency to correctfor geometric nozzle losses

Inlet kinetic energy process efficiency

Mixing efficiency based on static _ressure rise

Nozzle efficiency based on velocity, or thrust

Momentum thickness of boundary layer

Flow angle in nozzle

Propellant weight fraction

Mixture ratio (0/F)

Radius, in.; or density, lbm/ft 3

Turbine exhaust/Thrust chamber flow rate ratio

Equivalence ratio or curvature enhancement factor

Combustor equivalence ratio

Condenser equivalence ratio

Heat exchanger equivalence ratio

Primary rocket equivalence ratio

Precooler equivalence ratio

Secondary equivalence ratio

Free stream

Vehicle shock field

First stage

or thrust
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SUMMARY OF NOMENCLATURE (Continued)

Symbol Description

2 Second stage

2 Diffuser exit or engine face

3 Mixer exit

4 Combustor

5 Nozzle throat

6, 6' Nozzle exit

a Ambient conditions

aw Adiabatic wall

b Bulk or base region

c Chamber, condenser, or capture

CURV Curvature

D Diameter

e Exit conditions

ENG Engine

f Fuel

i Inlet

o Oxidizer or initial conditions

p Primary conditions or precooler

s Secondary or base conditions

sl, SL Sea level

t Throat conditions

T Total

TC Thrust chamber

TE Turbine exhaust

VAC Vacuum

w Wall

WG Hot gas side wall

WC Coolant side wall
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